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ABSTRACT
One of the leading factors of early failure in welded steel structures is caused by the presence of
residual stresses. These stresses are caused by the welding process and they can be as high as
the yield stress of the material. The residual stresses along with the other service loads
experienced by a structure can lead to premature failures. This study was completed to obtain a
full understanding of the residual strains and stresses found in various steel plated welded
structures. Several factors affecting the welding process were examined such as the welding
heat input, the stiffener spacing, the thickness of the parent plate, the termination of a stiffener,
and interruption duration during the welding process. The specimens were tested using two test
methods. Nine specimens were built and tested and these data were then combined with test
data of three specimens tested earlier. Three specimens were tested using the X‐Ray diffraction
method. Two of the specimens were also simulated using finite element method by using
ANSYS. The test results from all three methods of residual stress collection were compared and
analyzed. This dissertation presents the residual stress distributions found for all twelve
specimens and examines the effects of the various welding factors on the residual stress
patterns.
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Chapter 1 ‐ Introduction
1.1

General

Residual stresses are unseen and locked‐in stresses that can have detrimental effects on the
performance of a structure. The most common instigator of residual stresses is welding. The
stresses caused by the welding process can interact with the other service loads of the structure
and lead to early failure. This dissertation looked at the different methods of collecting residual
stresses and used two diffraction methods to determine the residual stress distributions of nine
specimens. The test data of these nine specimens were then combined with the test data of
three other specimens tested earlier [1]. The physical test data was then used to build and verify
a finite element model.

1.2

Residual Stress Background

Residual stresses are a result of thermomechanical processing that involves either the changing
of the shape of the metal or application of a high temperature heat flux. Welding is a very
common source of residual stresses and produces a high gradient of stress due to the metal
shrinkage as it solidifies and hardens after the high heat flux is applied during the welding
process. Many factors can affect the residual stress patterns caused by the welding process such
as the welding heat input, joint configuration, stiffener arrangement, material specifications,
welding type, welding continuity, pre and post heat treatment, distortions, and restraints.
Residual stresses are difficult to predict and it is important to obtain accurate distributions when
designing a welded steel structure.

1.3

Residual Stress Testing Methods

Residual stresses can be collected using a variety of methods. The most common types can be
divided into three major categories: destructive, semi‐destructive, and non‐destructive. Residual
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stresses can also be determined by using a finite element method. The different types of testing
available and how they relate to the work is presented in the literature review.

1.4

Testing Methodology

Nine specimens were built to obtain information on several different structural variables and
welding conditions often faced by welded structures. The specimens had varying stiffener
spacing, parent plate thickness, welding heat input, welding joint type, and welding continuity.
The residual stress data was collected in these specimens by the neutron diffraction method and
the X‐Ray diffraction method. All neutron diffraction data collection was completed at the
Canadian Neutron Beam Centre of the Chalk River Laboratory facilities in Chalk River, ON,
Canada. All X‐Ray diffraction data collection was completed at the Defence Research &
Development Canada – Atlantic, Dockyard Laboratory (Atlantic) in Halifax, NS, Canada. All of the
finite element modelling was completed using ANSYS.

1.5

Objectives

The objectives of this dissertation were to determine the following:
•

The residual stress distribution in the parent plate past the termination point of a shortened
stiffener

•

The residual stress distributions in welded stiffened plates with varying spacing of the
stiffeners

•

The effect of the welding heat input on the residual stress distributions

•

The through thickness residual stress distribution on various parent plate thicknesses
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•

The changes in the residual stress distribution from an interruption in the welding process of
varying lengths of time

•

Comparison of the X‐Ray diffraction method and the neutron diffraction method residual
stress results on several specimens

•

The building and verifying of a finite element model of the welding process to compare with
the residual stress distributions found using the non‐destructive testing methods

1.6

Dissertation Organization

Chapter 1 briefly introduced the ideas and objectives behind the reasoning for this dissertation.
Chapter 2 contains the literature review on various types of residual stress testing that relate to
the work being presented here. Chapter 3 outlines the experimental procedure for the
construction of the specimens and the preparation and calibration for residual stress testing.
Chapter 4 discusses the neutron diffraction method and all its details. Chapter 5 presents the
data collected using the neutron diffraction method. Chapter 6 reviews the X‐Ray diffraction
method and Chapter 7 discusses the results found using the X‐Ray diffraction method and
compares the results with the neutron diffraction data. Chapter 8 outlines the methods used for
the finite element model built in ANSYS to simulate the welding process and compares the
results with the physical testing results. Chapter 9 summarizes all of the work completed with
final recommendations and observations.
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Chapter 2 ‐ Literature Review
2.1

Introduction

Residual stresses have been established as an important factor contributing to the early failure
of welded structures. Residual stresses that developed during the welding process are a result of
shrinkage during the cooling phase which locks in the residual stresses in the material, resulting
in stresses approaching the yield strength of the material. The residual stresses then interact
with the loads and stresses developed in a structure during its service life which can result in
premature fractures and unforeseen catastrophes. Fatigue cracks often initiate in the region of
high tensile residual stresses in the area of the weld bead. Fatigue loading and fatigue cracking
combined with the high tensile residual stresses in the heat affected zone are often the cause of
failures in high count cyclic loading of welded structures. [2]

2.2

Residual Stress Distributions

An expected distribution of longitudinal residual stresses is the presence of tensile stresses near
the weld and compressive away from the connection. A basic graphical representation would be
using a rectangle for the tensile stress peak with the width of the rectangle relative to the
thickness of the parent plate. For example, for an as‐built ship structure the base of the
rectangle was 3.5 to 4 times the thickness of the parent plate hull. The tensile rectangle peaks
are near or at the yield strength of the material and were balanced by a constant compressive
residual stress level everywhere else (Figure 2.1a). No similar assumptions have been developed
for the transverse and normal components of stress in welded structures.
Faulkner [3] improved upon this model of residual stress distribution and verified that a typical
residual stress distribution for the longitudinal component should have a triangular tensile
shape in the weld region balanced by the constant compressive residual stress level away from
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the weld (Figure 2.1b). The width of the base of the triangle is still proportional to the thickness
of the parent plate and the peak of the triangle is still at or near the yield strength of the metal.
Faulkner’s model is still used today to verify any residual stress data for simple welded
structures. Some further improvements have been made to the model that change the constant
level of residual stress in the compressive region to a lower compressive value immediately
adjacent to the tensile peak on either side of the weld region before it levels out and obtains a
constant compressive value away from the weld (Figure 2.1c). The progression of improvement
in typical longitudinal residual stress distributions is shown in Figure 2.1.

Figure 2.1: Longitudinal residual stress distributions (a) basic assumption, (b)
Faulkner's model, (c) improvement on Faulkner's model
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Wells et al [4] proposed a residual stress distribution for butt welds. Similar to the model
Faulkner proposed for fillet welds, the butt weld also has a tensile longitudinal stress region
near the weld bead and a compressive stress balance away from the weld region. As well, a
transverse residual stress distribution was determined for the longitudinal direction (along the
weld bead), the beginning and ending of the welding process produced compressive transverse
residual stresses and the mid‐length of the weld bead has the balancing tensile residual stresses.
The transverse stresses have much less of a magnitude than the longitudinal stresses as to be
expected and a more gradual change of slope between the tensile and compressive regions of
stress.

Figure 2.2: Residual stress distributions in a butt weld [4]
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2.3

Destructive Testing Methods

The processes used for determining residual stresses in welded structures have evolved through
the decades and some of the most accurate techniques in use currently are very specialized
methods that require expensive equipment and highly trained technicians. The earliest types of
testing are still in practice today though the limitations and errors inherent in these methods are
widely known. The most common downfall to the earlier methods of testing is the destructive
nature of the process. The specimens most often would be rendered useless after performing
the residual stress testing, such as the sectioning method. The benefits to the sectioning method
are the ease of application and execution of the testing procedure. During the sectioning
method the material is “sectioned” using a saw therefore, the residual stresses are released and
the change in stress is measured by the strain gauges applied in each section or the use of gauge
marks measured prior and following sectioning. The limitation in this method is the size of the
gauge volume, the stress released is averaged over the entire volume that has been sectioned.
The sectioning method is very cost effective in terms of the equipment which only requires a
saw and possibly strain gauges, though since the specimen is destroyed the major cost of the
procedure lies in the testing materials. One other destructive method of testing which has been
developed more recently is the contour method. This method also requires the specimens to be
cut but instead of using strain gauges the cut surface is measured for it contours and the stress
profile is analytically created from these contours forcing the original flat cross‐section as the
datum. The contour method is not as widely used for the type of testing presented here but has
been used in a few studies such as the work by Prime et al. [5].
Some previous works have been published using various types of destructive methods of testing
[6]. The most relevant to the testing presented here would be the work by Dexter and Pilarski
[7][8] on the effect of welded stiffeners on crack growth rates. Though their focus was on the
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fatigue crack propagation, the sectioning method was used to determine the longitudinal
residual stress distributions in the welded panels they were testing for fatigue. The specimens
used in their study had four L‐angle 8 mm thick stiffeners spaced 381 mm apart welded onto a
12.7 mm thick parent plate using double‐sided fillet welds. The metal had a yield strength of
approximately 500 MPa for the plate, 350 MPa for the stiffeners, and 490 MPa for the weld
wire. As well overmatched weld material was used to maximize the effects of the residual stress
in the heat affected zone (HAZ) to further propagate the fatigue cracks. Though the focus in this
paper was not ultimately to determine the residual stresses, the results plotted of the residual
stresses showed the typical pattern expected for a welded structure with a high tensile peak
near the weld and a compressive plateau away from the connections as shown in Figure 2.3. The
maximum tensile peaks were found to be between 350‐400 MPa which is less than the yield
strength of 500 MPa and a compressive plateau of approximately ‐100 MPa. The sectioning
findings were reasoned to need an offset by approximately 60 MPa to obtain a stress balance.

Figure 2.3: Longitudinal residual stress distribution from Dexter & Pilarski [7]
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The study completed by Dexter and Pilarski only found the residual stresses to determine their
influence on the crack growth rates and was only looking at one type of stiffener orientation and
one parent plate thickness. As well, the specimen was constructed with double‐sided fillet welds
and overmatched filler material which would not necessarily be the construction method of
choice in the field. The current study will expand on these parameters by changing the stiffener
orientation, stiffener spacing, and parent plate thickness. As well, one‐sided fillet welds and
matched filler material will be used in the construction process of the specimens. The testing
methods will also be improved by using non‐destructive means of data collection.

2.4

Semi‐Destructive Testing Methods

Semi‐destructive methods of testing were developed using the same idea as the destructive
testing where the stress relaxation is measured when part of the specimen is removed however,
the amount of material removed in the semi‐destructive method is minimal so as to allow the
structure to continue functioning. Less common types of semi‐destructive testing methods are
trepanning, indentation, and spot annealing methods. The most common method of semi‐
destructive testing is the hole‐drilling method. This requires a high precision drill with a
microscope attachment and rosette strain gauges as shown in Figure 2.4. The strain gauges are
transfixed to the surface of the specimen and the hole‐drilling apparatus is mounted on the
specimen and centered over the strain gauge. Drilling a small hole right through the centre of
the strain gauge and the change in strain as the material relaxes and readjusts to equilibrium
will be collected by the strain gauge in three orthogonal directions. The measurement hole is
approximately as deep as the diameter of the hole with the most accurate stress results
obtained at the half depth of the hole. The limitations to this type of residual stress
measurement collection is the large gauge volume and the plastic yielding and strain hardening
that occurs due to the drilling process. It is suggested that areas of high stress gradient and
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areas where the stress is expected to be higher than a third of the yield strength should be
avoided or erroneous values may be obtained. The measurement location must be spaced eight
times the diameter of the hole apart and the specimen must be at least four times the diameter
thick to prevent interactions between each measurement site. [9][10]

Figure 2.4: Hole‐drilling equipment, (left) hole drilling apparatus (right) hole‐drilling
specialized strain gauge
Weng and Lo [11] completed residual stress testing using the hole drilling method on butt welds,
tee joint welds, and corner welds. The results gave appropriate results for a typical residual
stress distribution but the drawback to the hole drilling method is the limitation in spacing
between the measurement locations and the near surface stress values. The smallest interval
between the hole drilling measurement locations was 10 mm, leading to an assumption as to
the full pattern of residual stresses in the sample. The maximum tensile stresses were found to
be between 84‐100% of the yield stress of the material and the compressive stresses were
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between 20‐50% of the yield stress. Though the hole‐drilling method is a quick and fairly non‐
destructive method of collecting residual stress the full through depth distribution is not
achieved and the necessary spacing of the strain gauges does not permit a detailed distribution
across the specimen.

2.5

Non‐Destructive Testing Methods

Non‐destructive testing methods utilize the internal structures of the material to determine the
residual stresses in the specimen. The three most common types of non‐destructive testing are
the neutron diffraction method, the X‐ray diffraction method, and the magnetic Barkhausen
technique.

2.5.1

Magnetic Barkhausen Method

The magnetic Barkhausen technique can only be used for ferromagnetic metals and measures
the magnitude and occurrence of sudden magnetic reorientations made by changing the
magnetic fields. The residual stresses are then determined by the signal generated when the
magnetic field is applied to the specimen. The limitation to this method is the depth of
measurement possible, ranging between 0.01 to 1.5 mm below the surface. This method of
measurement can also be used to determine other material properties of the specimen such as,
hardness and fatigue damage. Minimal research in the area of residual stress in welds has been
completed using the magnetic Barkhausen technique. The most relevant data found to the
present study is the work by Yelbay et al. [12]. The specimens were constructed with a single
weld bead in a groove on a flat steel plate. The magnetic Barkhausen technique was also verified
with the hole‐drilling method in three locations on the back surface of the plate with good
correlation. Microstructure in the sample will greatly affect the results from this method of
measurement as shown in the area of the HAZ and weld metal (WM) in Figure 2.5. The decrease
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in stress in this area is due to the increase in grain size near the weld bead. Also, the restrictions
of this method of data collection are apparent with the area underneath the weld bead
unreported since the depth of measurement cannot penetrate through the weld bead. Overall
the pattern of residual stress is good showing the tensile region near the weld and the more
compressive values away from the weld, though the balance of stress is slightly tensile.

Figure 2.5: Longitudinal residual stress distribution on front surface of bead on plate
from Yelbay et al. [12]
2.5.2

X‐Ray Diffraction Method

The X‐ray diffraction (XRD) method utilizes the crystal structure of the material and measures
the difference in atomic plane spacing between unstressed and stressed materials. The XRD
method determines the elastic strains according to the Bragg’s Law of diffraction and makes the
assumption that the normal stresses (stresses in the direction of the plate thickness) are near
zero and therefore, only the plane stresses are collected. The X‐Rays are very sensitive to
surface conditions and crystallographic properties such as, grain size, texture, and
microstructure. Also, X‐Ray diffraction has a limitation to the depth of measurements averaging
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about 0.025 mm into steel. Electropolishing, which should not introduce any additional stresses,
can be used to determine residual stresses at locations through the depth of the specimen
however, too much electropolishing can change this non‐destructive method into a semi‐
destructive method and possibly even into a destructive method. [13][10]
The depth of the measurements can be increased to near the depth of neutron penetration if a
synchrotron X‐Ray source is used ([14] and [15]). However, the benefit to the typical X‐Ray
source for measurements is the portability which is lost when using a synchrotron source. The
standard XRD method can be used to complement the ND method since the depth of possible
measurements does not overlap between these two methods. The X‐Rays can penetrate to a
depth range of 5‐30 microns whereas the neutrons diffract at a depth of 50 microns up to 50
mm of steel. The spatial resolution between the two methods also varies with XRD between 1
micron and 1 mm and the ND between 0.5 mm and 100 mm. More information about the
technical aspects of the X‐Ray diffraction method will be presented in the Experimental
Procedure chapter.
Many studies have been undertaken using X‐Ray diffraction on welded structures though the
majority of them have focused on the distortion caused by the welding process and not the
residual stresses, such as Deng et al. [16]. The studies that have focused on the residual stress
distribution include Chang and Teng [17] who compare a theoretical model with XRD results on
a three‐pass fusion butt weld on a 4.5 mm thick parent plate which produced good agreement
in the data between the two methods.
Barsoum and Lundback [18] completed a study using 2‐D and 3‐D models in FE programs ANSYS
and MSC.Marc and X‐Ray diffraction on T‐type double‐sided fillet welds with parent plate
thicknesses of 8 and 20 mm and a 5 mm thick stiffener, all with a yield strength of 350 MPa. The
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XRD measurements were taken on the unwelded surface of the parent plate but only the
transverse residual stress component was measured to compare with the FE analysis. The
results provided a look at the difference in model size and run time between 2D and 3D models,
as well the difference between a contact model and a solid model between the stiffener and the
parent plate. Overall, the results between the XRD and FE models were in agreement based on
the pattern of stress distribution however, at the start and stop of the weld where the stresses
are difficult to predict the FE models were all significantly lower than the data that was collected
using XRD. The solid model results compared with the XRD data is shown in Figure 2.6.

Figure 2.6: Transverse residual stress distributions from XRD, ANSYS and Marc [18]
Farajian et al. [19] completed a study on residual stresses in welds using X‐Ray, synchrotron, and
neutron diffraction methods. The study begins with the knowledge that tensile residual stresses
form due to restrained contraction during the cooling process and the compressive residual
stresses form during the cooling process from restricted volume expansion. A rectangular plate
6 mm thick was welded with a 10 mm wide weld bead on a plate and then cut into small
coupons (200 mm x 60 mm) for testing. All three methods of diffraction were used to obtain the
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residual stress distribution through the entire thickness of the plate. The XRD method collected
the surface strain data from the top and bottom of the plate. The ND method collected the
strain data from 0.7 to 5.1 mm through the thickness of the 6 mm thick plate and the
synchrotron X‐Rays collected from 0 to 0.1 mm. The XRD and ND data for both the transverse
and longitudinal components are shown in Figure 2.7. The XRD data is shown on top for the
surface data and the ND data along the bottom for the through thickness values. The pattern
found was ideal with the tensile region near the weld and the compressive stresses away from
the weld. The longitudinal direction shows a high peak at the centre of the weld bead but lower
values at the weld toe where fatigue cracks are expected to initiate. Two other peaks on either
side of the weld bead occur in the heat affected zone (HAZ). It was also found that below the
surface the peaks of tensile stress were less severe and there existed a balanced residual stress
profile.

(a) Transverse stress

(b) Longitudinal stress

Figure 2.7: Residual stress distributions using XRD (top) and ND (bottom) [19]
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2.5.3

Neutron Diffraction Method

The neutron diffraction (ND) method of testing for residual stresses also uses the crystal lattice
structure of the metal to determine the difference between the crystallographic plane spacing in
unstressed and stressed samples. The diffraction angles of the neutrons are collected and using
Bragg’s Law the residual strains are calculated. Unlike the XRD method, neutrons are able to
determine the residual stresses in all three orthogonal directions and through the entire depth
of the plate, up to a depth of approximately 50 mm in structural steel. More information about
the technical aspects of the ND method will be presented in the Experimental Procedure
chapter. [20] [21] [13][10]
Francis et al. [22] used ND and hardness testing to determine the residual stress distributions in
the weld bead on 20 mm thick plates with two different welding heat inputs of 1.2 kJ/mm and
2.4 kJ/mm. One of the objectives was to determine the microstructural changes in the area
around the weld as they relate to the residual stresses. The thickness of the plate allowed the
restraints to be minimal in order to simplify the theoretical model to be built in the future.
A research group in Australia used the ND method and finite element method (FEM) to
determine the residual stresses in weld bead on plate [23][24]. Two specimens were built of
mild steel plates for the ND testing. The first specimen was unrestrained and the second one
was fully restrained and a heat input of approximately 1.3 kJ/mm using the MIG welding
process. All of the ND measurements were taken at a depth of 1.5 mm below that surface of the
parent plate. The FEM was built using the Sysweld+ program with a Gaussian double ellipsoidal
weld distribution pattern and only run for the unrestrained specimen and the results are shown
in Figure 2.8. The physical testing results produced high tensile values in the weld area, most
above the yield strength of 250 MPa and around 60% of the yield strength near the toe of the
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weld. The results comparing the ND method and the FE model showed a good agreement for
the unrestrained sample but further improvements and a fully restrained model would be ideal.
No comparison graphs were shown between the two methods.

Figure 2.8: Residual stresses from FEM (a) Transverse (b) longitudinal [23]
A research group in the UK completed a study to determine the effect of stop and start
interruptions on residual stresses in stainless steel when multi pass unrestrained welds are
applied [25][26][27]. This was the only study found in the open literature that investigated the
effects of interruptions in the welding process. The residual stresses were collected using the ND
and hole‐drilling methods. These data were then compared with the results obtained from
hardness testing. Practice dictates that an interruption in the welding process is a common
occurrence and the effects on the residual stress distribution need to be fully understood. This
study used specimens built with five and eight weld passes as well as abrupt stops with abrupt
restarts in the welding process and gradual stops with gradual restarts. Abrupt stops are
described as where the welding current was stopped suddenly and a gradual stop was when the
welding current was slowly lowered over a distance until full stop. The length of time of the stop
17

is not specified; however, the temperature in between welding passes did not exceed 70°C. An
increase in tensile residual stresses was found for both types of stops with a greater increase by
50% for the abrupt stop compared to the gradual stop. If additional weld passes are placed on
top of the interruption the residual stresses remained higher for the abrupt stop but were
diffused for the gradual stops.
Ohms et al. [28] performed round robin testing on specimen using ND and validated the results
with the FEM. A 60 mm long single weld bead on a 17 mm thick and 180 mm long stainless steel
plate was constructed for the ND testing. The plates were restrained along the longitudinal side
with vises and modeled as X or longitudinal direction. The ND measurements were taken
transversely across the plate at the start and end of the weld bead and at the mid‐length of the
weld bead and at a depth of 2 mm under the welded surface of the plate. As well measurements
were taken through the thickness of the plate and a longitudinal line along the length of the
weld. The results obtained from the ND method and the FE model were compared. The patterns
of residual stress were similar for both the longitudinal and transverse data, the FE model
produced higher tensile transverse stress values than the actual test data. The longitudinal
residual stress data obtained from both methods is shown in Figure 2.9. It was concluded that
this was mainly due to the boundary conditions which during the actual production of the welds
allowed for contraction of the plate in the transverse direction but the simulation could not
produce a similar boundary condition to allow contraction, which produced higher tensile
values.
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Longitudinal along mid‐width of weld

(b) Transverse across mid‐length of weld

Figure 2.9: Longitudinal residual stress data [28]
2.6

Computational Methods

Welding simulation is a widely used method of determining residual stresses and distortion in
welded panels. The procedure is achieved most often using the birth and death of elements
technique to simulate the deposition of the weld bead material during the welding process.
Various commercially available finite element programs such as ANSYS, ADINA, and ABAQUS can
be used often, specialized finite element programs such as Sysweld and MSC.Marc are utilized
as well. [29][30]
Goldak et al. [31] presented the mathematical background for producing a very realistic moving
heat course for simulating the welding process. The Gaussian distribution double ellipsoidal heat
source (shown in Figure 2.10) was utilized in the FE program ASGARD which was developed by
Goldak and others at Carleton University. The heat source code that was developed proved to
provide highly precise data when compared to actual testing results by other researchers. One
difference between the FE model results and the experimental results is the FEM values were
often higher and do not always accurately predict the sharp point at the bottom of the weld
area, which are most likely due to neglecting the heat flow in the longitudinal direction.
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Figure 2.10: Double ellipsoidal heat source
Deng [32] used ABAQUS to model TIG welding. This work found that the phase transformations
have no effect on residual stress distributions and distortions in low carbon steel, however, it
has some effect for medium carbon steels. Two different steels were modeled S15C (low
carbon) and S45C (medium carbon) which have yield strengths of 1034 MPa and 343 MPa,
respectively. Each type was modeled with and without phase transformations. In the medium
carbon content steel, in the weld zone assuming no phase transformations, the residual stress
was found to be nearing the yield strength of the material and remained consistent through the
weld bead. However, with phase transformations considered in the FE model, the residual
stresses were found to be compressive at the centre of the weld bead and then increased to a
high tensile stress near the yield strength before dropping back down to a compressive value
away from the weld. This type of steel S45C has a low transformation temperature and the
volume expansion is large for martensitic transformations.
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Figure 2.11: Longitudinal residual tress with and without phase transformations
considered [32]
Deng and Murakawa [33] also used ABAQUS to model MCA (metal core arc) type welding to
determine the residual stress distributions and the distortions caused in thin plates and
compared the results with experimental distortion readings. Specimens were welded with a butt
joint between two 1 mm thick plates. The elastic FE model was used with the inherent strain
theory to predict the residual stresses and distortions. The inherent strain theory uses the finite
element method to calculate the inherent strains caused by the welding process in order to
estimate the residual stresses. Inherent strains are from the thermal elastic‐plastic effects of the
temperature flux from the welding process. The inherent strains in the material cause stresses in
a material when no loading is present. These strains can be used to calculate the residual
stresses in the material instead of using the complex thermal heat model applied as loads during
the structural analysis. [34] Even though such a thin plate was used, there still existed a change
in residual stresses from the top surface to the bottom surface of the plate when large
21

deformation theory was assumed, which showed good agreement with the experimental
results. The main point of interest in this study was the slight change in the typical residual
stress pattern found, which is due in large part to the geometry of the specimens. The study
showed that the tensile region of stress still exists in the weld area with the compressive stress
away from the weld. However, that study also found that there exists a drop in tensile stress at
the centre of the weld bead due to the high deformations in the specimens from lack of
restraints provided during the welding process. An example from the study is shown in Figure
2.12 which shows the change from top to bottom surface as well as the drop in tensile residual
stresses at the centre of the weld.

Figure 2.12: Longitudinal stress found with large deformations in ABAQUS [33]
Teng et al. [35] completed extensive analysis using finite element techniques on two sided T‐
joint fillet welds to determine the effect of many different variables in the welding process. The
FE model was used to determine the transverse and longitudinal residual stresses in the plate. It
was found that a high tensile stress was produced near the fillet weld toe in both the transverse
22

and longitudinal stress components. A model was built to study the effect of the thickness of the
parent plate and it was found that when increasing the parent plate thickness the peak tensile
stress levels were also increasing due to the internal restraints caused by the thicker plate and
reducing the effect of distortion. Restraints during the welding process were also examined and
it was determined that the residual stress reduced when restraints were used. The heat input
was also varied in this study and it was found that as the heat input increases, the peak tensile
residual stress decreases. The effect of heat level was also investigated by Gao et al. [36] using
XRD method and James et al. [37] using ND method and the same effect in residual stresses was
found when the heat input was increased.
Chang and Lee [38] studied the effect of fillet welds on residual stresses at two depths near the
welded surface and near the unwelded surface using finite element models. The base plate is 15
mm thick and the stiffener is 19 mm thick and one of the steels used was SM520 which has a
yield strength of approximately 400 MPa. The weld was double sided and created with
simultaneous welding processes on either side of the stiffener and therefore, the model was run
with a symmetric model about the centreline of the stiffener. The specimen was not clamped
during the welding process. The parameters that were varied were the yield strength of the
steel and also the yield strength of the parent plate and stiffener were either similar or
dissimilar in each specimen. The changing of the yield strength of the stiffener had little effect
on the residual stress distribution found in the parent plate. Figure 2.13 shows the residual
stress distributions for the similar and the dissimilar specimens. The solid black lines in both
Figure 2.13 (a) and Figure 2.13(b) are the longitudinal stress component and these figures show
that the difference between the two is insignificant. Since the yield strength of the parent plate
and the stiffeners were not equal in the current study these findings helped to ease any issues
with the mismatch in the yield strength of the metals.
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(a) Distribution for similar specimen

(b) Distribution for dissimilar specimen

Figure 2.13: Residual stress distributions [38]
Teng and Lin [39] used ANSYS to perform a FE study on butt welded plates to study the effect of
various welding parameters. It was found that the typical tensile region near the weld bead
balanced by the compressive stresses away from the butt weld. The parameters that were
changed were the weld length, the plate thickness, the welding speed, physical restraints, and a
preheating regimen. The most interesting finding in the results was that restraints caused an
increase in the longitudinal residual stress values which is the opposite of the results from a
previous study [35] that was completed on fillet welds that use a different type of restraint
setup during the welding process. This study also found that with an increase in the plate
thickness there is a decrease in the welded surface longitudinal residual stress values due to the
larger volume that can absorb the energy being applied to the specimen through the welding
process. Another conclusion that was made in this study was that with a faster welding speed
(which ultimately leads to a lower heat input) the transverse residual stress decreased since less
material is affected by the heat from the faster welding arc.

2.7

Comparison of Methods

Withers et al. [15] examined steel pipeline using five different types of residual stress
measurement techniques. The differences between various methods of measurement are
shown in Figure 2.14 based on the depth of measurement penetration and the spatial
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resolution. The grey shading in the figure shows the destructive testing methods. The methods
of data collection were magnetic, synchrotron, FE modeling using ABAQUS, the contour method,
and neutron diffraction. Only basic specimens were tested for each type of measurement
technique.

Figure 2.14: Schematic indicative of the approximate current capabilities of various
residual stress measurement techniques [15]
Rossini et al. [40] studied the different types of residual stress measurements available and
presented the findings in a chart very similar to what was shown by Withers et al. [15] above in
Figure 2.14. However, the only minor changes in what was found to be possible by other
researchers and not testing of their own. The study produced these major points of findings on
the methods available.
Both X‐ray diffraction (XRD) and neutron diffraction (ND) can collect macro and micro
residual stresses. However, ND has a better measurement penetration depth and
optimal resolution but XRD has a portable and more cost efficient option available.
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Hole and deep hole drilling methods are simple, quick, and semi destructive methods.
However, these two methods have a limited strain range that can be collected.
The sectioning method is destructive in nature and also has a low collectable strain
range; however, is economical and provides immediate results.
Barkhausen noise technique is also fast and economical. This method has low resolution
capabilities whereas the contour method has high resolution but is a destructive
method.
The metallurgical effects that cause residual stress are investigated and discussed in the paper
as well with a summary shown in Figure 2.15. A tensile residual stress is expected due to
shrinkage and compressive residual stress is produced when transformation and quenching
occur. When one or more of these processes are combined the results show a tensile residual
stress peak with varying degrees of compression at the centre of the weld.

Figure 2.15: Change of RS due to metallurgical processes during welding [40]
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2.8

Summary of Literature Review

The literature study found that there has been much work completed in the area of measuring
residual stresses in welded structures. However, most research was focused on one or two types
of testing methods and on only a limited number of specimens. As well, many of the studies
focused on the distortions caused by the welding process and not the residual stresses
themselves. The residual stresses are of concern when designing any welded structures, as well
as the distortions and more information on the residual stresses in welded stiffened structures
was needed. There are very few studies investigating the effects of welding heat input and
interruptions (or stop and starts) in the welding process. Also, various spacing of the stiffeners
to determine the interaction between welds at different distances was not previously
considered. The thickness of the parent plate has been varied in previous studies but not to
determine the effect of the residual stresses further away from the welded surface of the plate
but only the near surface results are in open literature. Due to this lack of information, this
dissertation was designed to fill the gaps in the current information. Several specimens with and
without stiffeners were built and tested to expand the data pool of results and to test the
hypotheses. These specimens were designed to study the following variables: stiffener spacing,
welding heat input, stiffener termination, parent plate thickness, and interruptions in the
welding process. All of these specimens were tested using two different experimental
techniques as well as used to verify a finite element model simulating the very complex welding
process.
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Chapter 3 ‐ Experimental Set‐up
3.1

Outline

Nine specimens were built to test various factors affecting the welding process and joint
configuration. The structures were all constructed using typical structural steel and welded using
the metal core arc welding process, a type of MIG welding. The specimens were then tested
using the neutron diffraction method and the X‐Ray diffraction method. The material
specifications and specimen descriptions will be outlined in this chapter.

3.2

Testing Material

The steel chosen for this study was 350WT steel for the plates and 300W steel for the stiffeners
[41]. The plates were 9.53 mm thick and the stiffeners were L‐shaped 127 mm x 76.2 mm x 9.53
mm. The welding wire used was chosen to match the yield strength of the parent plate though
the residual stresses within the weld bead itself were not of concern in this study only the
stresses within the parent plate were collected. The chemical composition of the three different
metals is shown in Table 3.1 with the carbon content highlighted in the first column. These
values were collected by Schmolz + Bickenbach in Windsor, ON, Canada using optical emission
spectrochemical analysis. The mechanical properties of the three testing materials are shown in
Table 3.2 with the yield strength highlighted. The plate, stiffener, and weld metal were tested in
the structures lab at the University of Windsor according to the ASTM Standard [42] for quasi‐
static tension tests. The yield stress was determined at the upper yield limit (0.2% yield stress)
and the elastic limit was the first yield point in the nominal stress‐strain diagram. All of the
testing material was purchased at the same time so the material would be from the same
production batch with the same characteristics and specifications. The parent plate was cut
using water jet cutting technique to eliminate the residual stresses often caused by the cutting
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procedure. The stiffener was cut using a band saw which is a cold cut method, though no
residual stresses were measured in the stiffener so the cutting process was not a restriction.

Table 3.1: Chemical composition of testing material

Plate

C
(%)
0.09

Cu
(%)
0.12

Mn
(%)
1.28

Cr
(%)
0.08

Ni
(%)
0.07

Si
(%)
0.07

P
(%)
0.022

Mo
(%)
0.02

S
(%)
0.004

V
(%)
<0.01

Stiffener

0.17

0.33

0.94

0.08

0.15

0.18

0.016

0.04

0.022

<0.01

Weld
Pool

0.09

0.15

1.25

0.07

0.05

0.55

0.008

0.02

0.014

<0.01

Table 3.2: Mechanical properties of testing materials
Metal
Grade

Plate
350WT

Stiffener
300W

Specifications

C.S.A. G40.21‐50WT –
Cat. 3

C.S.A. G40.21‐04
44W/50W
ASTMA709‐05b
ASME SA36

Testing
Conditions

Chemical: ASTM‐E415,
Impact & Tensile Test:
ASTM‐A370
Average Ultimate 527.5
507.3
Strength (MPa)
Average Yield
405
350
Strength (MPa)
Elastic Modulus 205
204
(GPa)
Elongation at
41
39
rupture (%)
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Weld Wire
E70C‐6M H4, φ =
0.0045 in
AWS A5.18‐2005
ASME SFA5.18

As welded, ‐29 °C, 250
Amps, 28 V, Charpy‐V‐
Notch
510
390

28 (2”)

3.3

Specimen Matrix

Nine specimens were constructed to be tested using the neutron diffraction and X‐Ray
diffraction methods. The following table, Table 3.3 shows the details for each of the specimens
completed in Phase II and Table 3.4 shows the details of the specimens in Phase III. Following
the table are the diagrams and photographs of each specimen. The specimen numbers start at
#4 because the first three specimens were tested in Phase I as part of a research program for my
Master’s study [1]. Some of the data from those three specimens will also be discussed in the
results section of this dissertation. The details of the Phase I specimens are shown in Table 3.5.

Table 3.3: Test Matrix for Phase II
Speci
men
4

Base Plate (W x L x D)

Welding Details

600 mm x 400 mm x 9.53 mm

5

600 mm x 400 mm x 9.53 mm

One 400 mm long stiffener centred
along the 600 mm length of parent plate
Two 400 mm long stiffeners spaced 400
mm apart (100 mm from each edge)

6

600 mm x 400 mm x 9.53 mm

Two 400 mm long stiffeners spaced 400
mm apart (100 mm from each edge)

Heat
Input
High
High
Low

Table 3.4: Test Matrix for Phase III
Speci
men
7

Base Plate (W x L x D)

Welding Details

600 mm x 400 mm x 9.53 mm

8

250 mm x 250 mm x 16 mm

9a

200 mm x 200 mm x 9.53 mm

9b

200 mm x 200 mm x 9.53 mm

9c

200 mm x 200 mm x 9.53 mm

9d

200 mm x 200 mm x 9.53 mm

Two 400 mm stiffeners, spaced 325 mm
apart (137.5 mm from each edge)
One 250 mm long stiffener in the centre
of the thicker 16 mm parent plate
No stiffener – weld bead on plate across
centre of plate
Weld bead on plate with 10 second stop
and restart of welding process in middle
Weld bead on plate with 30 second stop
and restart of welding process in middle
Weld bead on plate with 60 second stop
and restart of welding process in middle
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Heat
Input
High
High
High
High
High
High

Table 3.5: Test Matrix for Phase I [1]
Base Plate (W x L x D)

Welding Details

Speci
men
1

Heat
Input

400 mm x 400 mm x 9.53 mm

N/A

2

400 mm x 600 mm x 9.53 mm

No weld, studying the residual stresses
caused by the manufacturing process
One 600 mm long stiffener placed 150
mm from one edge

3

400 mm x 600 mm x 9.53 mm

Two 600 mm long stiffeners spaced 250
mm apart (75 mm from each edge)

High

High

The specimens for this study are shown in the following photos with the geometry
measurements shown in the figure. Specimen 4 was built to study the residual stresses when a
stiffener terminates before the end of the plate and is shown in Figure 3.1. Specimen 5 and
Specimen 6 are both the same physically with two stiffeners spaced at 400 mm apart, however,
the welding heat input was changed to a lower heat for Specimen 6. Specimen 5 was measured
transversely across both stiffeners but due to a lack of testing time, Specimen 6 was only
measured across the second welded stiffener and the pattern was assumed the same for both
specimens. Specimen 5 is shown in Figure 3.2 and Specimen 6 is shown in Figure 3.3 with the
diagram showing geometry measurements for both specimens in Figure 3.2(a). Specimen 7 was
built with two stiffeners with a spacing of 325 mm to compare with the other two stiffener
specimens to study the effects of the stiffener spacing. Details of Specimen 7 are shown in
Figure 3.4. Specimen 8 was built to study the effects of the thickness of the base plate with a
stiffener welded on it, the details are shown in Figure 3.5. Specimen 9 is shown in Figure 3.6
with the general specifications of the specimen. Specimen 9 includes four different specimens
(Specimens 9a to 9d) with the same geometry but differing in the events during the welding
process. These specimens were used to investigate the effect of duration of stop in a stop and
restart in the welding process. Specimen 9a, 9b, 9c, and 9d were all weld bead on plate with a
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stop and restart of the welding process of differing lengths. Specimen 9a was a base with no
stop and restart, one continuous weld bead on plate. Specimen 9b, 9c, and 9d had a stop and
restart of the welding process in the centre of the plate for 10 seconds, 30 seconds, and 60
seconds, respectively.
Specimen 2 from Phase I [1] is shown in Figure 3.7 with one stiffener welded along the 600 mm
length of the plate at 250 mm from the edge. Specimen 3, also from Phase I [1], is shown in
Figure 3.8 with two stiffeners welded along the 600 mm length of the plate with a distance
between the stiffeners of 250 mm. Both specimens from Phase I were measured for ND on one
transverse line across the stiffener(s) at several depths through the thickness and also some
measurement points along under the weld bead as well. The test data of these two specimens
will be presented in Chapter 7 to compare both the ND test data from Phase I [1] with the XRD
test data from Phase IV.
Table 3.6 shows the different testing parameters that were investigated in this study. The test
specimens that were used for each parameter and their details are found in the table with some
comments on the reasons and elements influencing these choices.
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Table 3.6: Testing parameters with Specimens

Testing
Parameter

Spacing of
stiffener

Level of
heat input

Specimens
used to test
these
parameters

Specimen details

Remarks

Specimen 2
Specimen 3
Specimen 5
Specimen 7

Infinite spacing
250 mm spacing
400 mm spacing
325 mm spacing

All four stiffener spacings
compared

Specimen 5
Specimen 6

Heat input≈2.50 kJ/mm
Heat input ≈1.75 kJ/mm

Termination
of stiffener

Specimen 4

400 mm long stiffener
welded on a 600 mm
long parent plate

Thickness of
parent plate

Specimen 2
Specimen 8

9.53 mm thick
16 mm thick

Stop and
restart in
welding
process –
duration

Specimen 9a
Specimen 9b
Specimen 9c
Specimen 9d

No stop
10 second stop
30 second stop
60 second stop
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High heat input for Specimen 5
(used in all specimens) compared
with moderate heat input used in
Specimen 6
Stiffeners often terminate before
end of plate and this pattern of
stress was investigated
50% thicker parent plate welded
with same stiffener to inspect
results
Specimen 2 from Phase I had an
accidental stop in the welding
process, preliminary investigation
into the stress resulted in these
four specimens

(a)

(b)

Figure 3.1: Specimen 4, (a) diagram showing geometry measurements, (b) photo of
specimen
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(a)

(b)

Figure 3.2: Specimen 5, (a) diagram showing geometry measurements, (b) photo of
specimen
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Figure 3.3: Specimen 6, photo of specimen
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(a)

(b)

Figure 3.4: Specimen 7, (a) diagram showing geometry measurements, (b) photo of
specimen
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(a)

(b)

Figure 3.5: Specimen 8, (a) diagram showing geometry measurements, (b) photo of
specimen
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(a)

(b)

Figure 3.6: Specimen 9, (a) diagram showing geometry measurements, (b) photo of
specimen

39

(a)

(b)

Figure 3.7: Specimen 2, (a) diagram showing geometry measurements, (b) photo of
specimen
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(a)

(b)

Figure 3.8: Specimen 3, (a) diagram showing geometry measurements, (b) photo of
specimen
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3.4

Welding Specifications

All of the welding was completed at the Windsor Welding Institute in Windsor, ON, Canada by a
licensed welder. MIG (Metal inert gas) welding was used to weld the specimens, or more
specifically MCAW (metal core arc welding). The full details of the welding process for each
stiffened specimen are shown in Table 3.7, highlighting the welding heat input.
Table 3.8 shows the welding details for the weld bead on plate specimens, highlighting the
stoppage time for each specimen. The voltage, current, and wire speed were the factors that
were controlled by the welding machine and the welding speed was controlled by the trolley
holding the welding gun. The specimens were all fully restrained to the welding table using
clamps along the length of the plate and on the stiffener during the welding and the cooling
process. The welding wire speed was set at a constant value of 546 in/min (228.1 mm/s) as well
as the cooling time at two hours.

Table 3.7: Welding specification for stiffened specimens

Specimen
4
5
6
7
8

Recorded
Average Voltage
(V)

Recorded
Average Current
(A)

Welding Speed
(mm/min)

Heat Input
(kJ/mm)

27.2
27.2
27.6
29.2
29.2
27.0
27.0
27.1

191
190
171
271
273
190
190
190

120.60
114.29
123.08
266.67
275.86
123.08
123.08
119.50

2.58
2.71
2.30
1.78
1.73
2.50
2.50
2.50
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Table 3.8: Welding specifications for weld bead on plate specimens
Recorded
Average
Voltage (V)

Recorded
Average
Current (A)

Welding Speed
(mm/min)

Heat Input
(kJ/mm)

Length of
Stops

9a

27

190

123.71

2.49

No stop

9b

27

190

122.45

122.45

2.51

2.51

9c

27

190

122.45

122.45

2.51

2.51

9d

27

190

122.45

122.45

2.51

2.51

Specimen
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One 10 second
stop
One 30 second
stop
One 60 second
stop

Chapter 4 ‐ Neutron Diffraction Test Method
4.1

Background

Neutron diffraction is a form of non‐destructive testing of residual stress distributions. This
method uses the crystal lattice structure of the test material as an internal strain gauge. The
change in spacing of the lattice structure is compared with the spacing in a very small sample
(control specimen) which is assumed to be stress‐free to calculate the residual strains.
For this study, a steady state nuclear reactor was used which produces a high neutron flux with
minimal heat. The neutron energies that are emitted are dependent on the temperature. The
wavelengths of neutrons used for data collection have a thermalized energy significantly less
than the energies of X‐Rays or electrons. The equation for the energy of a neutron is shown in
Equation 4.1. In this equation, ν is the frequency of radiation, mn is the mass of the neutron, v is
the velocity, h is Planck’s constant. These factors are also related to the calculation of the
wavelength of the neutron, as known as the de Broglie wavelength, λ, which is related to the
momentum of the neutron as shown in Equation 4.2. In that equation, k is the wave vector of
the neutron with a magnitude of 2π/λ. [20]

[4.1]
[4.2]
The neutrons are created in the core of the nuclear reactor and released into guide tubes to a
monochromating crystal. The crystal is oriented at a specified angle to reflect a single correct
wavelength of neutrons optimized for the type of sample material to be tested. Once the
neutrons are reflected off the monochromating crystal they move through a monitor which is
relayed to the control computer which ensures the neutron count is high enough as required for
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data collection. The neutrons then move through slits or apertures which control the size and
location of the measured gauge volume in the sample both entering and exiting the sample
(Figure 4.1). The diffracted neutrons then travel into a multi‐wire detector which collects only
the neutrons which are scattered elastically and coherently. The detector relays the information
to the computer where the diffraction angles are used to calculate the lattice spacing and
ultimately the elastic strain in the sample. A general layout of a reactor floor is shown in Figure
4.1 and the location of the scattering and incident slits with an arrow indicating the path of the
neutrons is shown in Figure 4.2.

Figure 4.1: Layout of a nuclear reactor and diffraction set‐up
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Figure 4.2: Neutron beam path and scattering and incident slit set‐up with a specimen
mounted to be tested
Using Bragg’s law the strain in the specimen is calculated using these values and the wavelength
of the neutrons produced by a steady state reactor. Bragg’s law is determined as follows in
Equation 4.3, where dhkl, is the perpendicular lattice spacing between the crystal planes hkl in
the crystalline solid as shown in Figure 4.3, λ is the wavelength of the beam of neutrons that
passes through the sample and is refracted at the angle ΘB, Bragg’s angle. Bragg’s angle refers
only to the neutrons that are refracted coherently and elastically by properly oriented lattice
planes. The Figure 4.3 also shows the component of stress that is measured and its orientation
in relation to the neutron beam path. The shift in the Bragg’s angle,
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, will determine what

the change is in the crystal lattice spacing (∆dhkl). The strain, ε, in the gauge volume is then
calculated by Equation 4.4.

[4.3]
∆

∆

[4.4]

Figure 4.3: Lattice spacing, dhkl, of the crystalline structure, showing the path of the
neutrons
The most common type of crystal lattice structures for engineering materials are fcc, bcc, and
hexagonal lattices which are three of the 14 possible Bravais crystal spaces lattices which are
organized and named based on their crystal symmetry, translation, reflection, and rotational
attributes. The spacing, dhkl, between the crystal lattice planes will increase with tensile strains
and decrease with compressive strains.
As discussed earlier, only the coherently and elastically scattered neutrons are collected for the
calculation of the residual strains. There are three other possible outcomes for the neutron
when it interacts with the nucleus of the sample material atoms. The neutrons can incoherently
scatter which is isotropic and is collected by the detectors but is much smaller than the
coherently scattered neutrons and only creates a low background of noise for the data points of
the actual data. The neutrons can also be absorbed by the nucleus which forms a compound
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with the nucleus and emits γ‐rays (gamma rays) which are the danger in this measurement
method when they radioactively decay and can cause sickness in humans when overexposed.
The most likely event is that the neutrons will not scatter at all and that is why it is necessary to
have a steady and high neutron beam coming from the nuclear source.
Neutron diffraction is used to determine the residual stresses in many different engineering
materials since it is a non‐destructive testing method and the penetration depth of the possible
measurements is high. For typical structural steel neutrons can penetrate up to 30 mm and up
to 50 mm in aluminium. Neutron diffraction is also capable of measuring the dynamic change in
residual stresses as a sample is subjected to environmental factors or external loading. The one
major drawback to this method of measurement is the limitation of portability since a nuclear
source (reactor) is necessary for measurements.
Validation of the collected measurement data is a necessity. The residual strains and stresses
can only be used if certain factors are confirmed with the collected data. The intensity of the
neutron beam must be checked, as well as, the full width half maximum (FWHM) value of the
diffraction peaks. Examples of these are shown in Figure 4.4 for the integrated intensity which
should show a nice straight line through the thickness of the plate and there should be not
errant data points, indicating a low neutron count and therefore poor data. Figure 4.5 shows a
full width half maximum graph where all of the data should be between 0.3 and 0.6 through the
thickness of the plate. Figure 4.6 shows the neutron counts and the scattering angles at which
they are diffracting. A good peak like the one shown here will have at least a 20:1 ratio between
the peak φ value and background values. The micro strain values were also checked at this point
to ensure there are no irregular points that may need to be re‐evaluated. Due to the fact that
measurements are taken on a scale of millimetres the chance that a macroscopic abnormality
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exists in the material is high. This may be due to any number of things such as an irregular grain,
grain orientation, or a testing error. In the case of any anomaly in these checks, the data for that
specific point is collected at least once more to verify the data.

Figure 4.4: Integrated intensity check – good raw data

Figure 4.5: Full Width Half Maximum (FWHM) check – good raw data
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Figure 4.6: Example of good raw data with φ peak counts, φ = ‐89.89°
4.2

Test Calculations

The values that are collected from the neutrons are the φ values for both the stressed material
and the standard stress‐free sample [43]. These values are compared to calculate the d‐spacing
or the lattice spacing as shown in the Equation 4.5 with the error in the lattice values calculated
using Equation 4.6.

[4.5]

‐

‐

‐

[4.6]

The lattice spacing values are then compared with the lattice spacing of the stress‐free material
in order to calculate the microstrain values and the error in microstrain values using the
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following equations 4.7 and 4.8, respectively. The strain values are calculated for each direction
of stress for the normal, transverse, and longitudinal directions.
‐

,

[4.7]

‐

,

‐

[4.8]

The ultimate goal of the neutron diffraction data is to calculate the residual stress values in each
of the three orthogonal directions. The strain values were calculated in all three directions and
from these strain values the stress values can be calculated in a typical fashion. The equation for
the normal stress component is shown in Equation 4.9, the transverse stress component in
Equation 4.10, and the longitudinal stress component in Equation 4.11.

[4.9]

[4.10]

[4.11]

As with the strain, the error in stress can be calculated for each component as shown in
Equations 4.12 – 4.14.

[4.12]

[4.13]

[4.14]
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4.3

Test Set‐up

All of the neutron diffraction (ND) measurements were completed on the L3 Spectrometer at
the Canadian Neutron Beam Centre in Chalk River Laboratories, a National Research Council
Canada location in Chalk River, ON, Canada shown in Figure 4.7. The reactor at Chalk River has a
power capacity of 125 MW. Scientists Dr. Ronald B. Rogge and Dr. Michael Gharghouri along
with several technicians assisted in the large scale project completed over four separate month
long visits over three years. Since each specimen had a different geometry the test set‐up for
each specimen was different and the equipment needed to be adjusted in between each test.
The time required to measure all of the specimens was dramatically increased due to the set‐up
time required for each specimen.
The set‐up for a typical specimen will be outlined here with a table to specify the differences
between the specimens. The basic set‐up of a reactor and the neutron diffraction equipment are
outlined in a previous section and shown in Figure 4.1. Many different customized mounting
systems were built for this project in order to mount the specimens to the testing table which
can move in all three orthogonal directions with a travel distance between 100 mm and 500
mm. Before the specimen is fastened on the mounting platform, it must be determined where
the specimen is in relation to the global space. There are two telescopes permanently set‐up
that once sighted properly will determine the exact location of the neutron beam path through
the specimen and the centre of rotation. The centre of rotation aligns the incident and scattered
slits to the measurement location. The location is found using a wire mounted on the testing
platform that is manoeuvred in the horizontal plane and rotating the angle between the neutron
beam and the detector, as known as the ψ angle. The tilted telescope, shown in Figure 4.8, is
used to determine the y‐centre of rotation and a level telescope, shown in Figure 4.9, is used to
sight the x‐centre. Once the telescopes are properly set‐up they are not moved until all of the
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specimens are finished being measured, the values for the X and Y directions are set to zero as
the origin and a plumb bob is repositioned to hang over the centre as a back‐up method of
determining the centre if the telescopes are inadvertently bumped during testing. [43]

Figure 4.7: L3 spectrometer on the floor of the reactor at CNBC

Figure 4.8: Tilted telescope aligned to y‐centre
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Figure 4.9: Level telescope aligned to x‐centre
Once the telescopes are aligned, the ideal wavelength (λ) for the material is determined using a
computer software program called Powder, a program developed by CNBC Scientists specifically
for ND set‐up. Steel has mostly BCC (body centred cubic) phase and numerous Miller indices, so
ultimately there were several wavelengths that would provide diffraction results. Once the
wavelength was chosen, the monochromating crystal, Germanium was used in this study, was
set at such an angle to produce the optimal wavelength of neutrons when they are reflected off
the surface. In the case of this study, the Ge crystal was set to the 211 reflection with a φ of
90.002° in order to provide the appropriate wavelength of neutrons.

4.4

Wavelengths and Reflections

Several set‐ups were used throughout the testing with differing wavelengths, reflections, and
angles. As well the scattering slit sizes were changed for each specimen and for each different
stress direction. All of the set‐up information is shown in Table 4.1. The first set‐up was typical
for most specimens with a wavelength of 1.665 Å but when measurements were taken with the
plate positioned at a 45° angle due to the increased thickness around the weld the wavelength
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was changed to 1.5398 Å to obtain better and faster results. When the wavelength is changed
by changing the reflection of the monochromating crystal (2θM) and the ψ angle, it was possible
to continue scans at a relatively faster rate. The size of the scattering slit used directly
determines the size of the gauge volume within the sample to be measured. The size of the
gauge volume directly affects the length of the count time for each measurement point and the
time available on the L3 Spectrometer at Chalk River Laboratories is extremely valuable so the
gauge volumes were optimized to account for the shortage of time available on the equipment.
The scattering slit size was changed throughout all of the specimens, where more detail was
required in the high stress gradient areas such as around the weld, the size was smaller.
However, away from the weld where the stress patterns were less likely to change quickly, the
size of the scattering slit was increased and the spacing of the measurements was also
increased. The spacing of the measurements can only be as large or as small as the gauge
volume otherwise, the adjacent measurement locations would be overlapping in the data that is
being collected at any two adjacent measurement locations. As well, when the gauge volume is
larger the number of neutrons that elastically diffract is higher since there is a larger volume of
grains for the neutrons to diffract from so the larger the gauge volume, the shorter the amount
of time required for measurement. The size of the gauge volume throughout all of the
specimens varied between 1 mm x 1 mm x 1 mm to as large as 2 mm x 2 mm x 40 mm. The
length of time for each measurement point varied between approximately ten seconds and one
hour.
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Table 4.1: Set‐up Specifications
Reflection
of Ge
crystal

Set‐
up

Wavelength

1

1.6650 Å

115

2

1.5398 Å

115

3

1.5398 Å

115

4.5

2θM

Ψ
(increments)

98.93˚ ± 5°
oscillation
90˚ ± 5°
oscillation
92˚ ± 5°
oscillation

‐44.9˚
‐41.4˚
42˚

Used for
specimens
1,2,3
3,4,5,6
6,7,8,9

Stress‐Free Reference Samples and Nickel Calibration

As previously discussed in the equations, the stressed material is ultimately compared with a
stress‐free sample (reference sample) of the same material. In order to obtain these stress‐free
values, small prisms were cut from the parent plate material. The samples are cut small to
assume that all or most stress has been released. Three samples were made with the following
dimensions (normal x transverse x longitudinal): 2 mm x 2.5 mm x 20 mm, 2 mm x 10 mm x 2.5
mm, and 2 mm x 2.5 mm x 15 mm. The stress‐free specimens are shown in Figure 4.10 (a). They
were cut in the longitudinal and transverse directions of the parent plate to study if there was a
significant difference between the directions, often due to the rolling direction of the steel plate
manufacturing process.
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(a) Stress‐free reference samples

(b) Nickel‐reference sample in cadmium container

Figure 4.10: Reference materials and samples
In order to achieve high levels of accuracy in the measured residual stress values, a calibration
sample (see Figure 4.10 (b)) was run at the beginning and end of each test set‐up to ensure that
none of the angles or other testing parameters have shifted or changed during the testing
process by accident. For each individual set‐up there were precise λ and φ0 values,
corresponding to a specific 2θM. These values and their corresponding error values were
calculated using a standard deviation and chi‐squared fit. This calibration was completed using a
small sample of nickel powder inside a cadmium container as shown in Figure 4.10 (b). The
values found during the nickel calibration runs were used in all of the stress calculations. The
angle φ denotes the degrees between the incident beam and the refracted beam for the testing
specimens, and the φ0 is the equivalent angle for the reference sample.
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Chapter 5 ‐ Neutron Diffraction Test Results
5.1

Outline

The neutron diffraction (ND) method of testing was carried out on all twelve specimens: nine
specimens tested during this dissertation between Phase II and Phase III and three specimens
completed in Phase I [1]. The full details of the specimens are shown in Chapter 3. In this
chapter, each specimen will be summarized and the residual stress data will be presented.
Comparisons between various specimens will also be discussed and the varying welding factors
will be investigated and assessed. These nine specimens were designed to study various factors,
many came to light as a result of the findings from Phase I [1]. The three specimens tested in
Phase I were very basic specimens designed as a scoping study on the ND method for welded
stiffeners and steel plates. The first specimen was simply a plate with no weld or stiffeners to be
tested to determine the residual stress magnitudes induced by the manufacturing processes.
The second specimen was a plate welded with one stiffener and the third specimen was a plate
welded with two stiffeners spaced 250 mm apart, a typical spacing found in standard practice
mostly in naval ships. From these results, it was determined that further investigation was
required for the stiffener spacing, stiffener termination, welding heat input, parent plate
thickness, and inconsistencies in the welding process itself.

5.2
5.2.1

Phase II – Measurement Details
Specimen 4

Specimen 4 was designed to examine the residual stresses in the parent plate when a stiffener is
terminated before the end of the plate. This occurs often in the shipyard due to different
orientations necessary when welding components together for different types of structures. The
parent plate for this specimen was 600 mm long by 400 mm wide and the stiffener was 400 mm
long centred along the 600 mm length and welded. Chapter 3 shows figures and photos of the
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specimen and Figure 5.1 shows the location of the measurement lines. Measurement line 1
shown was just a baseline to compare with the basic residual stress values from Specimen 2 and
should not be affected by the termination of the stiffener. Test data on lines 2 – 8, were used to
investigate the residual stresses in the plate around the termination point of the weld bead.
Lines 1 – 5 are all in the transverse direction across the weld and lines 6 – 8 are in the
longitudinal direction, parallel to the weld. The measurements were collected at a depth of 8.4
mm, 4.8 mm and 1.1 mm from the unwelded surface for the normal and transverse
measurements and 8.4 mm depth for the longitudinal strain component. The depth of 8.4 mm is
closest to the welded surface of the plate and considered the most critical strains since they are
most often the highest levels being so close to the weld itself.
The spacing of the measurements on each line was determined by ease of spacing and testing
setup. The measurements were spaced much closer (1.5 mm) near the weld region where the
stress gradient is high. However, the spacing between two measurements away from the weld
was larger since the change in the stress levels would be minimal. Figure 5.2 shows the locations
of each measurement point with a filled circle for all locations along lines 1 to 5 across the
transverse direction of the plate. The large open circle shows the location of the origin for this
plate which is in a similar position for most specimens in this study. The origin is on the
unwelded surface of the plate which means the depth through the thickness of the plate is zero
on the unwelded surface and 9.53 mm at the welded surface. In the transverse direction, the
origin is located at the junction of the parent plate and the underside of the stiffener. This was
determined as the easiest location to measure points from since the two components meet at a
90 degree angle. In comparison, the welded side of the stiffener is not a defined line from which
to draw measurements from due to the irregularity of the welding process and weld bead. The
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longitudinal location for the origin is the termination point of the stiffener with the positive
direction being into the stiffener and line 3 is located at zero in the longitudinal direction.
There are 23 measurement points across the four transverse lines and twelve measurement
points across each of the three longitudinal lines. Nine points of the longitudinal lines
overlapped with the transverse lines and finally eleven points across line 1 for a total of 130
points across the entire plate. At each measurement point three depths were measured for a
total of 390 measurement locations collected for each the normal and the transverse strain
component and one depth of 8.4 mm for the longitudinal component therefore, 910 individual
measurements were made.

60

Figure 5.1: Specimen 4 measurement location lines

Figure 5.2: Specimen 4 measurement locations for lines 1 – 5
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5.2.2

Specimens 5 and 6

Specimens 5 and 6 were built geometrically the same with two stiffeners spaced at 400 mm;
however, the welding heat input was 2.5 kJ/mm for Specimen 5, considered a high heat input
and 1.75 kJ/mm for Specimen 6, considered a moderate heat input. The main objective of all the
two stiffener specimens was to determine the effect that the residual stress from the first
welded stiffener has on the stress pattern when welding the second stiffener. Specimen 3 [1]
had two stiffeners spaced 250 mm apart and will be compared with Specimen 5 and Specimen 7,
with two stiffeners spaced 325 mm apart, in a later section to analyze the effects of stiffener
spacing. Specimens 5 and 6 will also be compared to discuss the differences between high and
moderate heat input during the welding process and how this parameter affects the residual
stress distributions.
Specimens 5 and 6 are both the same physically; however, the welding heat input was changed
to a lower level (1.75 kJ/mm) for Specimen 6, as compared to all the other specimens welded at
2.5 kJ/mm. Specimen 5 was measured transversely across both stiffeners but due to a lack of
testing time, Specimen 6 was only measured across the second welded stiffener and the pattern
was assumed the same for both specimens. Specimen 5 is shown in Figure 5.3 and Specimen 6 is
shown in Figure 5.4 with measurement lines for each specimen shown. The parent plate for
these specimens was 400 mm long by 600 mm wide and the stiffeners were 400 mm long
spaced 400 mm apart along the 400 mm length leaving 100 mm on either side of the stiffeners
towards the edge of the plate. Chapter 3 shows photos and a sketch of the specimens.
Three measurement lines were considered for Specimen 5. Line 1‐2‐3‐4 was a transverse line
across both stiffeners and Lines 2‐5 and 3‐6 are both longitudinal lines along the centerline of
the weld bead, second welded and first welded respectively. The longitudinal lines were
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selected to investigate any changes in the residual stresses within the weld itself along its
length. For Specimen 6 strain data was only collected on two lines around the second welded
stiffener. Line 1‐2‐3 was the transverse line across the second welded stiffener and Line 2‐4 was
the longitudinal line through the centerline of the second weld. Due to time constraints on
beam use, the second welded stiffener was investigated on Specimen 6 assuming that the
patterns of stress would be similar and the focus being on the residual stress distributions on
the subsequent welded stiffeners. All three strain components were collected on these two
specimens therefore, the residual stress values for this specimen will be presented. Strains at
five depths were measured through the thickness of the plate with zero being the unwelded
surface of the parent plate. The measurements were taken at depths of 8.4 mm, 6.6 mm, 4.8
mm, 3.0 mm, and 1.2 mm through the 9.53 mm depth of the parent plate for the transverse
lines and at one depth of 8.4 mm for the longitudinal lines along the stiffeners.
The measurement locations for Specimen 5 for line 1‐2‐3‐4 are shown in Figure 5.5. The
measurement location for Specimen 6 for line 1‐2‐3 are shown in Figure 5.6 which are the same
spacing as Specimen 5 around the second welded stiffener but as discussed previously, the first
welded stiffener was not investigated on this specimen. The measurement locations are shown
using filled circles and the large open circle indicating the origin of all the measurements. The
location of the origin is placed at a similar location to all the other specimens as described for
Specimen 4. The origin for all the specimens with two stiffeners is located at the second welded
stiffener with the positive direction away from the first welded stiffener. The longitudinal lines
measurement points were spaced at 20 mm apart along the weld length as shown in Figure 5.3
and Figure 5.4.
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The set‐up for collecting the six measurements directly under the stiffener and the stiffener‐
weld connection (weld pool) while also avoiding interference with the other stiffener was very
difficult and time consuming. Since neutron beam time was extremely expensive, some of the
longitudinal values of strain were not measured under the stiffener. However, upon
examination of the results under the one stiffener specimen from Phase I [1] it was found that
the strain values were near uniform in nature and therefore, the same pattern was assumed
here.
There were 55 measurement points chosen across the transverse line 1‐2‐3‐4 and they were
taken at five depths for the normal and the transverse components for a total of 550
measurements. For the longitudinal component the six measurement points under the stiffener
were not collected therefore, 49 points at five depths is another 245 measurements. Five points
on lines 2‐5 and 3‐6 each at one depth for a total of 30 measurements on the longitudinal lines.
Hence, a total of 825 measurements were taken on this specimen across these three lines.
For Specimen 6, 29 measurement points were chosen across transverse line 1‐2‐3 and they were
taken at the same five depths as Specimen 5 with the exception of five points under the
stiffener for a total of 410 measurements on the transverse lines and then five measurements at
one depth on the longitudinal line 2‐4 for 15 more measurement points for a total of 425
individual measurements across the two lines.
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Figure 5.3: Specimen 5 diagram showing measurement location lines

Figure 5.4: Specimen 6 diagram showing measurement location lines

65

Figure 5.5: Specimen 5 measurement locations for line 1‐2‐3‐4

Figure 5.6: Specimen 6 measurement locations for line 1‐2‐3 around second stiffener

5.3
5.3.1

Phase II – Test Results
Specimen 4

Since data for only the 8.4 mm depth was collected for all three strain components only the
stress at this depth will be presented here. The other strain data collected at the two other
depths can be found in Appendix A.
Figure 5.7 shows the normal stress (N(x) direction) for Specimen 4 for the transverse lines 1 – 5
at a depth of 8.4 mm (Figure 5.1). The normal stress does not often show any specific pattern
and has the smallest range of stress values of the three stress components. In this data no clear
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pattern emerges and the range of stress for all five lines (Figure 5.1) is from ‐48 to +126 MPa,
significantly below the yield strength of the material.
Figure 5.8 shows the transverse stress (T(y) direction) in the transverse direction on lines 1 – 5
(Figure 5.1). A more evident pattern of stress is present in these lines and the maximum stress
of 242 MPa occurs on line 2 which decreases as the measurement locations move outside of the
stiffener and away from the weld termination and into the parent plate beyond the stiffener.
For line 2 which is inside the stiffener, the range of residual strain is from 242 to 12 MPa and for
line 5, the furthest away from the stiffener, the stress ranges from 10 to ‐156 MPa.
Figure 5.9 shows the longitudinal stress (in L(z) direction of Figure 5.1) in the transverse
direction lines 1‐5 with line 1 showing a similar magnitude of stress and pattern to those found
in Specimen 2 [1] and the largest range of strain on this plate from ‐142 to +457 MPa as
compared to Specimen 2 range from ‐220 to +457 MPa. The residual stress pattern is clearly
shown in this figure with the longitudinal residual stress values decreasing as the distance from
the termination point of the stiffener increases. Line 2 which is located 20 mm inside the end of
the stiffener and line 3 at the edge of the termination of the stiffener had similar patterns and
values as line 1 with the high tensile strain near the weld balanced by the compressive strain
away from the weld. It is clear that as close as 20 mm away on line 4 the stress values are
already dropping significantly with the range on this line from only ‐28 to 268 MPa. Line 5,
located 60 mm away from the termination point of the stiffener, has a range of stress from only
8 to 78 MPa, which is significantly lower than the other transverse measurement lines closer to
the stiffener or within the stiffener itself.
Figure 5.10 shows the normal stresses for the longitudinal lines 6 – 8. As the measurements
move from inside the stiffener to past the end of the stiffener Line 6 shows a small change from
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higher stress values to lower ones. Overall, there is again very little pattern found in normal
stress with a small range from ‐68 to +132 MPa.
Figure 5.11 shows the transverse stress in the longitudinal direction lines 6 – 8, with line 6
measured along the centerline of the width of the weld. Line 6, which is at the weld, has the
most erratic data compared with the two other lines most likely due to the small inconsistencies
that occur during the welding process which cannot be avoided. The three lines have similar
stress patterns and fairly consistent stress values within the area of the stiffener. Once past the
end of the stiffener the stress values drop significantly to high negative stress value as the
distance from the termination point of the stiffener increases.
The transverse stresses in the previous figure show an excellent representation of the changes
in the residual stress as a result of the stiffener termination. However, the longitudinal stress
values are much higher than the transverse and often the source of concern. Figure 5.12 shows
the longitudinal stress in the longitudinal direction for lines 6 – 8. Due to limitation in the testing
apparatus, data collection on line 6 (located at the weld) was unfinished. This is because a 15
mm length of the measurements inside the stiffener was impossible to collect. The overall stress
distribution is possible to determine from the data collected and a trend is apparent. Line 6, in
the centerline of the weld shows, as assumed, the largest change in stress between the area of
measurements within the stiffener to the area past the termination point of the weld. The slight
increase in the residual stresses just past the origin is the point where the weld bead terminates
just past the termination of the stiffener. The weld bead itself slightly wraps around the end of
the termination of the stiffener as a finishing point of the welding process. Line 7 has strain
values vary between 239 and 38 MPa, showing a very constant level of stress. Line 7 is located
20 mm away from the centerline of the weld and the measurements past the end of the weld
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bead are nearly within a 20 mm radius of the termination point, producing a consistent level of
residual stress. A small peak in the strains exists exactly at the location where the weld bead
completes due to the dramatic material changes occurring at this location. Line 8 is parallel and
40 mm away from the weld centerline and therefore, it was expected to observe lower stress
values since the effects of the welding process should lessen with increased distance. The range
of the strains on line 8 is ‐60 to 34 MPa with the compressive values within the stiffener and the
more tensile values past the termination point. Hence, it can be concluded that the longitudinal
stress value is maximum on line 6 which was located at the weld. The stress is maximum near
the stiffener termination points and it reduces to zero value quickly away from the termination
point.
In summary, the termination of the stiffener is where the maximum stress values are located. As
the distance from the termination point of the weld increases the residual stresses rapidly
decrease. At 20 mm away from the termination of the stiffener the largest drop in the residual
stress levels occurs and the stress levels at 60 mm away from the termination are nearing zero
stress.
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Figure 5.7: Specimen 4, Normal stress on transverse Lines 1 – 5 at 8.4 mm depth
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Figure 5.8: Specimen 4, Transverse stress on transverse Lines 1 – 5 at 8.4 mm depth
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Figure 5.9: Specimen 4, Longitudinal stress on transverse Lines 1 – 5 at 8.4 mm depth
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Figure 5.10: Specimen 4, Normal stress on longitudinal Lines 6 – 8 at 8.4 mm depth
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Figure 5.11: Specimen 4, Transverse stress on longitudinal Lines 6 – 8 at 8.4 mm depth
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Figure 5.12: Specimen 4, Longitudinal stress on longitudinal Lines 6 – 8 at 8.4 mm
depth
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5.3.2

Specimen 5

The following three graphs (Figures 5.13 to 5.15) show the normal, transverse, and longitudinal
residual stress distributions for Specimen 5 for line 1‐2‐3‐4 (see Figures 5.3 and 5.4). The three
figures are plotted with the same scale on the Y‐axis to best illustrate the difference between
the magnitude of values when comparing these three components of stress. The depths of
measurement through the thickness of plate are shown in the legend in millimeters with 0 at
the unwelded surface of the plate and 8.9 mm near the welded surface of the plate (see Figure
3.2 again). Figure 5.13 shows that the normal stress (in the N(x) direction) ranging between ‐5 to
+150 MPa which are considered low values when compared with the transverse and longitudinal
stress values. The normal stresses are not typically considered the dangerous stresses that
increase the risk of early failures in welded structures. They are presented here for having
complete distributions of all stress components. Figure 5.14 presents the transverse stress (in
the T(y) direction) data for Specimen 5 along the transverse line 1‐2‐3‐4 and it is found that the
stresses ranges in between ‐17 and +192 MPa. There exists a slight plateau between the two
stiffeners in the stress results which ranges from 25 MPa and 75 MPa. These stress values are
also considered insignificant when compared to the longitudinal stress values and compared
with the yield strength of the parent plate material which is 405 MPa and this is more than
double the maximum transverse stress found in this specimen. Though transverse stress can
cause cracks near the weld area and must be monitored closely. At the first welded stiffener the
maximum tensile stress value was 165 MPa, compared to 192 MPa at the second welded
stiffener. Overall the difference between the two peaks at the stiffeners is only 27 MPa which is
close to the calculated error of the results (approximately 15 to 18 MPa).
Figure 5.15 shows the longitudinal stress values for Specimen 5 which has the widest range of
values between all three stress components between ‐185 and +523 MPa. The residual stresses
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for this component show the typical residual stress pattern expected with the high tensile peak
near the weld bead and the compressive values of stress away from the stiffeners, which was
similar to what was found in Specimen 3 in Phase I [1]. As shown in the figure, the second
welded stiffener has a higher residual stress value of 523 MPa than the first welded stiffener of
427 MPa. However, both of these maximum values at the tensile peak of the stiffeners are
above the yield strength of the material at 405 MPa. The value at the first welded stiffener is
similar to those found in Phase I [1]. However, the values for the second welded stiffener are
much higher in Specimen 5 than Specimen 3. It is worth mentioning that the only difference
between these two specimens is the spacing of the stiffeners. The higher value at the second
welded stiffener for Specimen 5 with the two stiffeners spaced 400 mm apart indicates that an
increase in the stiffener spacing from 250 mm to 400 mm causes an increase in the tensile stress
peak at the second welded stiffener.
The measurements through the depth of the plate do not indicate a large change moving from
the welded surface of the plate to the unwelded surface. The plateau of stress between the
stiffeners shows a small range from ‐35 MPa to 45 MPa especially compared to the change in
Specimen 3 which ranged from ‐250 MPa to ‐100 MPa [1]. In the Specimen 5 results, the stress
drops from the maximum tensile value down to a low compressive value of 150 MPa directly
adjacent to the stiffener before increasing again to the constant plateau values which was also
observed in Specimen 3, though on a slightly different scale of values. The overall compressive
stress values between Specimen 3 and Specimen 5 indicate that the increase in stiffener spacing
also increases the compressive stress levels between two stiffeners.
The stress values along the centreline of both welds at a depth of 8.4 mm are shown in Figure
5.16. Six points were collected on each weld for all three stress components on weld lines 2‐5
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and 3‐6 as shown in, Figure 3.2. Figure 5.16 shows all three components of stress on the same
plot and the values for both the first and second welded stiffener on the same plot for ease of
comparison. The first welded stiffener (line 3‐6) values are indicated using the broken line and
the same pattern of stress with a lower value at L = 0 mm (point 3) is evident for all three stress
components. The stress values increase along the weld where they peak at a distance of 80 mm,
beyond which the stress values reduce slightly at a distance of 95 mm. The higher value of stress
of 550 MPa found at a distance of 55 mm away from where the transverse line measurements
were taken may indicate that the highest tensile stresses in the first welded stiffener may
actually be comparable to the values found in the second welded stiffener just in a different
location. Further examination of Specimen 5 has lead to the observation of some irregularities in
the weld on the first stiffener. This may be because the welding shield gas ran out at the end of
the plate and a slight bump in the track of the welding trolley created a small bump in the weld
bead. This may be one of the reasons why the tensile stress in the first welded stiffener is lower
than the second welded stiffener which was not the case with Specimen 3 [1].
The values for the weld bead in the second welded stiffener on line 2‐5 are shown in the same
figure with solid lines. The stress values for this stiffener are more consistent than those found
on the first welded stiffener. This may be due to the fact that there were no issues with the
welding process at the end of the stiffener. The stress values for the second welded stiffener
have a small peak at 55 mm away from the origin which could be a result of various minor
inconsistencies and is not uncommon with welding along a length with the error of
measurements in the range of 20 MPa.
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Figure 5.13: Specimen 5 Normal stress across line 1‐2‐3‐4
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Figure 5.14: Specimen 5 Transverse stress across line 1‐2‐3‐4
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Figure 5.15: Specimen 5 Longitudinal stress across line 1‐2‐3‐4
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Figure 5.16: Specimen 5 all stress data in longitudinal direction along weld bead
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5.3.3

Specimen 6

The stresses for Specimen 6 were only collected around the second welded stiffener due to lack
to testing time available on the neutron diffraction equipment. Specimen 6 was physically
identical to Specimen 5 however; Specimen 5 had a high welding heat input of 2.5 kJ/mm while
Specimen 6 had a moderate heat input of 1.75 kJ/mm. Since only time permitted data to be
collected around the second welded stiffener of Specimen 6 but the geometry of Specimen 6 is
the same as Specimen 5, extrapolation method was used to estimate the stress data around the
first welded stiffener of Specimen 6.
The normal stress distribution is shown in Figure 5.17 for all five depths of measurements. The
values of stress are again shown on the same scale for all three stress components to best
illustrate the magnitude of difference among the normal, transverse, and longitudinal
components of stress. The depths of measurement through the thickness of the plate are shown
in the legend in millimeters with 0 mm at the unwelded surface of the plate and 8.9 mm near
the welded surface of the plate (see Figures 5.5 and 5.6). The normal component of stress for
Specimen 6 has a range from 50 MPa to 180 MPa in tension. This range of normal stresses is
similar to the range collected for Specimen 5 of 155 MPa (‐5 MPa to 150 MPa) but Specimen 6
has a shift in the positive direction, more tensile values. The plateau values in between the
stiffeners for Specimen 6 ranges from 70 MPa to 120 MPa in tension compared to the range
from Specimen 5 between 40 MPa and 80 MPa in tension, which once again indicates a shift of
approximately 30 MPa in the tensile direction for Specimen 6. A clear pattern of stress is not
evident in the normal distribution but a small plateau between the stiffeners with a tensile peak
at the weld connection is still apparent.
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Figure 5.18 shows the average normal stress distribution for Specimen 5 and Specimen 6 and
also includes the extrapolated data around the first welded stiffener for Specimen 6. The
average value is obtained by taking an average of all the normal stresses at the same
measurement point through the entire thickness of the plate. The solid line indicates the data
collected and the broken line is the extrapolated data for Specimen 6 around the first welded
stiffener. The extrapolated data was calculated assuming that the difference between the
average stress levels for Specimen 5 and Specimen 6 remain the same (approximately 40 MPa)
for the first welded stiffener as the plateau and second welded stiffener areas.
The transverse stress distributions for Specimen 6 are shown in Figure 5.19 for all five depths
through the thickness of the plate. Again, only the stress values around the second welded
stiffener were collected and this range of transverse stress for this Specimen is between 30 MPa
and 220 MPa in tension. Around the second welded stiffener of Specimen 5 the stress ranged
from 0 MPa to 185 MPa in tension which is comparable to the values found for Specimen 6. A
plateau of stress values exists between the stiffeners between 30 MPa and 60 MPa in tension
which is similar to the range found in Specimen 5 of 25 MPa to 50 MPa in tension.
Figure 5.20 shows the average transverse stress for Specimen 5 and Specimen 6 using points
and continuous lines as well as, the extrapolated data for Specimen 6 around the first welded
stiffener is shown with a broken line. The values of stress around the first welded stiffener for
Specimen 5 were from 25 MPa in compression to 160 MPa in tension and these values were
offset by approximately 45 MPa to estimate the residual stresses around the first welded
stiffener of Specimen 6. Similar patterns of stress distribution are noted for the normal and
transverse stress components with a more prominent pattern found for the transverse stress
component.
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The longitudinal stress distribution for Specimen 6 is shown in Figure 5.21 with all five depths
through the thickness and the data from around the second welded stiffener only. The
longitudinal stress data shows the same pattern of stress found in both Specimen 5 and
Specimen 3 from Phase I [1] with a tensile peak at the welded connection balanced by a
compressive plateau away from the weld. The stress values for Specimen 6 range from 160 MPa
in compression to 625 MPa in tension which is similar to the Specimen 5 range from 60 MPa in
compression to 525 MPa in tension around the second welded stiffener. The plateau of stress
between the stiffeners ranging from 75 MPa in compression to 70 MPa in tension which
compared with the Specimen 5 range of 30 MPa in compression to 30 MPa in tension is similar
but almost double in size range.
Figure 5.22 shows the average longitudinal stress values for Specimen 5 and Specimen 6 using
points and continuous lines and the extrapolated data for Specimen 6 around the first welded
stiffener using the broken line. The extrapolated data for this stress component was calculated
using a different method than used for the normal and transverse components. For the normal
and transverse components, the difference between the average values for Specimen 5 and
Specimen 6 was assumed to be the same across the tensile and compressive areas since the
shift was close to uniform across the width of the plate. However, in the longitudinal stress
component it was found that in the tensile zone near the stiffeners the difference was greater
than in the compressive zone. Therefore, two separate calculations were completed, one in the
first welded stiffener area with a difference of approximately 60 MPa and the second in the
compression area between the stiffeners with an increase of approximately 10 MPa.
The stress distributions found for Specimen5 and Specimen 6 were similar for all three
directions of stress. For the normal and transverse components the stresses were between 30
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and 45 MPa higher than Specimen 5 in both the tensile and compressive areas. For the
longitudinal component of stress the tensile stresses between the two specimens varied by
about 60 MPa with the compressive area only about 10 MPa or less difference between the two
specimens. The stress values calculated for Specimen 6 were overall more tensile than those
found in Specimen 5. Other researchers [36] and [37] found similar results with a lower heat
input resulting in higher residual stresses, though their specimen geometry were different. The
higher residual stresses in Specimen 6 are due to the faster cooling rate because the lower heat
input, as compared with Specimen 5 with a higher heat input, caused a slower cooling rate and
lower residual stresses. The weld is less hot which allows for the weld metal to cool faster which
permits shrinkage and phase transformations in the weld area which lead to higher residual
stress values.
Figure 5.23 shows the stress values for all three components along line 2‐4, at the centreline of
the second welded stiffener at the depth closest to the welded surface of the plate, 8.4 mm. All
three components have the same pattern of stress which remains near constant across the 100
mm length measured with a maximum difference of only 50 MPa indicating a uniform and
consistent weld.
A previous study [39] stated that with the same size weld, faster welding speeds (which
computes to a lower heat input) will cause a decrease in transverse residual stresses since less
surrounding material is heated by the welding torch. However, this study was completed on butt
welds and the difference between the faster and slower welding speeds only amounted to
changes in the transverse residual stress component of less than 10 MPa.
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Figure 5.17: Specimen 6 Normal stress across line 1‐2‐3, around second welded
stiffener
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Figure 5.18: Specimen 5 and Specimen 6 average normal stress across lines 1‐2‐3, 1‐2‐
3‐4 and extrapolated data
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Figure 5.19: Specimen 6 Transverse stress across line 1‐2‐3, around second welded
stiffener
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Figure 5.20: Specimen 5 and Specimen 6 average transverse stress across lines 1‐2‐3,
1‐2‐3‐4 and extrapolated data
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Figure 5.21: Specimen 6 Longitudinal stress across line 1‐2‐3, around second welded
stiffener
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Figure 5.22: Specimen 5 and Specimen 6 average longitudinal stress across lines 1‐2‐3,
1‐2‐3‐4 and extrapolated data

84

700
600

Stress (MPa)

500
400
300
200
100
0
‐120

‐100

‐80
‐60
‐40
‐20
Longitudinal distance from the origin (mm)
Longitudinal‐2nd welded
Transverse‐2nd welded
Normal‐2nd welded

0

Figure 5.23: Specimen 6 all stress data in longitudinal direction along weld bead
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5.4
5.4.1

Phase III – Measurement Details
Specimen 7

Specimen 7 was created to add a third comparison to the two welded stiffener specimens
already completed, Specimens 3 and 5. Specimen 7 had a parent plate 400 mm long, 600 mm
wide, and 9.53 mm thick with two 400 mm long stiffeners welded 325 mm apart on the 600 mm
length. Specimen 3 and 5 had stiffener spacings of 250 mm and 400 mm, respectively. Heat
input for all three of these specimens was the same (2.5 kJ/mm). Chapter 3 shows figures and
photos of the specimen. Figure 5.24 shows the location of the one transverse measurement line
1‐2‐3‐4 across both stiffeners where the origin is located at the open circle at point 2 on the
second welded stiffener. Due to the limited beam time available, only the longitudinal strain
components were collected for this specimen and only at two depths through the thickness of
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the plate. The normal and the transverse component of strain were not collected and only some
of the points were measured at both depths of 7.53 mm and 4.77 mm.
The spacing of the measurements was similar to all the other testing specimens with closer
spacing near the connection and further apart away from the weld. Figure 5.25 indicates the
location of each measurement with a filled circle and the empty circle shows the origin location,
in a similar location as the other two stiffener specimens at the junction of the second welded
stiffener and the parent plate at the unwelded surface of the plate. Measurements directly
under the stiffener were again eliminated due to the extra set‐up time and measurement
collection time required for these difficult measurement locations.
There are 48 measurement points across the transverse line 1‐2‐3‐4 and all points were
measured at the 7.53 mm depth. At the 4.77 mm depth, 20 points were collected. Again, only
the longitudinal strain was measured for this specimen and hence, there was a total of 68
individual measurements for this specimen.

Figure 5.24: Specimen 7 diagram showing measurement location lines
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Figure 5.25 : Specimen 7 measurement locations for lines 1,2, 3, 4
5.4.2

Specimen 8

The choice to build Specimen 8 was decided after the results from Specimen 2 in Phase I [1]
were completed to study the residual stress changes through the thickness of the plate.
Specimen 8 was built with a 250 mm long by 250 mm wide plate that was 16 mm thick and
welded with one stiffener in the centre, which was the same size stiffener used for the other
specimens and the same high heat input. The main objective here was to compare the
difference between a 9.53 mm plate and an approximately 50% thicker plate at 16 mm thick and
the residual stress changes through the thickness as the measurements move away from the
welded surface of the plate.
Specimen 8 was built with a 16 mm thick plate and one standard stiffener welded at the centre.
There was one transverse measurement line 100 mm away from the edge of the plate as shown
in Figure 5.26. The location of the transverse line was chosen to avoid any edge effects and also
place the measurement line in an area on the weld that appears the most uniform.
Measurements at five depths were taken through the thickness of the 16 mm plate at 2 mm,
4.96 mm, 7.93 mm, 10.89 mm, and 13.85 mm.
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Beam time constraints only permitted the collection of the residual stress across the one
transverse line. All three strain components were collected so the residual stresses instead of
the residual strains will be presented for this specimen. As well, similar to some of the other
stiffener specimens the measurements directly under the stiffener were not collected to avoid
complex setups and extended time required to measure strains at those points.
The measurement locations for Specimen 8 are shown in Figure 5.27. The locations are shown
using filled circles with the open circle indicating the origin of the measurements. Once again,
the origin is placed at the junction of the stiffener and the parent plate on the unwelded surface
of the plate and 100 mm away from the edge.
There were 25 measurement points chosen across the transverse line and the measurements
were taken at five depths. Therefore, 125 different locations were measured for all three strain
components. A total of 375 individual strain measurements were taken on this specimen across
the one transverse line (1‐2‐3).

Figure 5.26: Specimen 8 diagram showing measurement location lines
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Figure 5.27: Specimen 8 measurement locations for transverse line
5.4.3

Specimen 9

Specimen 9 was designed after Specimen 2 in Phase I [1] was tested and data was analyzed.
Phase I did not use an automatic trolley to complete the welding process and along the
Specimen 2 weld length there was a stop and restart of the welding process due to human
fatigue. During Phase I, measurements were taken in the area of the stop and restart to study
what occurs to the residual stress distribution when this interruption in the welding process
occurs. This phenomenon can occasionally occur during the welding process in the field, though
efforts are made to avoid this occurrence. Specimen 9 includes four individual specimens with
varying times of stoppage in the welding process before restarting (Table 3.8). Specimen 9 was
built using the original Specimen 1 from Phase I, a 400 mm by 400 mm by 9.53 mm plain plate,
cut into four 200 mm by 200 mm by 9.53 mm new specimens for Specimen 9. No stiffeners were
used for these specimens only a weld bead on plate was deposited during the welding process
instead of a stiffener attached with a fillet weld. Specimen 9A was used as a base model with a
weld bead on plate through the centre of the plate with no discontinuity or stop in the welding
process. Specimen 9B was a weld bead on plate with a stop for ten seconds at the mid length of
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the weld before the welding process was restarted. The welding gun was put in reverse for a
small distance before restarting to ensure overlap so the weld size stayed consistent across the
entire length of the weld and that the size and integrity of the weld bead was not compromised
by the discontinuity in the welding process. Specimen 9C had a weld bead on plate with a 30
second stop and Specimen 9D had a 60 second stop. A high heat input (2.5 kJ/mm) was used for
the welding process and the size of the weld bead was approximately equal to the size of the
thickness of the parent plate. The general direction of the measurements and details of the four
specimens is shown in Figure 5.28.
For all these four specimens (Specimens 9A‐D), the plate was 200 mm x 200 mm x 9.53 mm with
an approximately 10 mm wide weld bead on plate across the centre. The measurement lines
chosen for each plate were similar though fewer measurements were taken on Specimen 9A
since there was not start and stop and the stress values were assumed to be fairly consistent. All
of the origins were located at the exact centre of the plate (in the middle of the stop and start
location for Specimens 9B, 9C, and 9D) on the unwelded face of the plate.
For Specimen 9A, three transverse measurement lines (lines 0, 30, 80) were chosen at 0 mm, 30
mm, and 80 mm and one longitudinal measurement line (line 0W) through the centreline of the
weld bead as shown in Figure 5.29. The transverse measurement lines were extended 30 mm on
either side of the weld bead with spacing as large as 6 mm to as small as 2 mm near the weld.
The measurements on the longitudinal line were collected at 10 mm intervals from ‐70 to +80
mm along the weld (Line 0W). All the measurements were made at three depths: 2 mm, 4.7
mm, and 7.53 mm (Figure 5.31) with spacing from 30 mm on either side of the origin. The zero
depth refers to the unwelded surface of the plate. There were 17 measurement points across
the three transverse lines for 51 points on the transverse lines and 16 points across the
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longitudinal line but three points overlapped with the transverse lines for a total of 64
measurement locations. All 64 measurement locations are shown in Figure 5.29 at the surface of
the plate for ease of explanation. With 64 measurement locations at three depths and for three
different strain components, a total of 576 (64 x 3 = 192 x 3 = 576) strain measurements were
collected on Specimen 9A. The positive direction on the longitudinal axis is the direction of the
welding process.
For Specimens 9B and 9C, it was decided to limit the number of measurements taken on the
plates due to beam time constraints. The negative longitudinal direction is the weld section
before the stop in the welding process has occurred. The origin is at the centre of the spot
where the welding process was stopped and the positive longitudinal direction is the area of the
restarted welding process. Strains on seven transverse lines were collected at ‐20 mm, ‐5 mm, 0
mm, 5 mm, 20 mm, 40 mm, and 80 mm as shown in Figure 5.30. The measurements were
optimized in such a way that in the transverse direction on these seven lines only a little more
than half of the width of the plate was measured, assuming a symmetric pattern about the
centreline of the weld. Therefore, in the transverse direction the measurements were collected
from +5 to ‐80 mm, instead of the entire range of measurements shown in Figure 5.31 from +80
to ‐80 mm. Also for Specimens 9B and 9C only two measurement depths were considered at 2
mm and 4.77 mm instead of 2 mm, 4.77 mm, and 7.53 mm. Across the seven transverse lines
with 14 points on each line there were a total of 98 (7 x 14 = 98) strain measurement points.
Each point was collected at two depths and in all three strain directions for a total of 588 (98 x 2
= 196 x 3 = 588) measurements for each Specimen 9B and 9C. This is a very large number of
measurements and data considering the fact that neutron beam time is very expensive and test
set‐up time is long as well.
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Specimen 9D had the most comprehensive measurement collection of data among all of these
four specimens. The transverse line spacing was the same as 9B and 9C as shown in Figure 5.31
but for this specimen all of the measurements from +80 to ‐80 mm were collected. As well,
strains at all three depths were collected at all of these points at 2 mm, 4.77 mm, and 7.53 mm.
Two extra lines (lines at ‐40 mm and +10 mm) in the transverse direction were added in addition
to the ones collected for Specimens 9B and 9C as shown in Figure 5.32. There were 23 points
across each of the nine transverse lines for a total of 207 (23 x 9 = 207) measurement locations.
In addition, six points along the longitudinal line through the centre of the weld bead were also
collected in between the transverse lines at all three depths for 18 more measurements per
strain direction. At each location three depths were collected for all three strain components for
a total of 1917 (207 + 6 = 213, 213 x 3 x 3 = 1917) measurements for Specimen 9D, which is
considered as an extremely large data set for the neutron diffraction method.

Figure 5.28: Specimen 9 general diagram showing measurement directions
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Figure 5.29: Specimen 9A measurement locations

Figure 5.30: Specimen 9B and 9C measurement lines

Figure 5.31: Measurement spacing for Specimen 9B, 9C, and 9D
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Figure 5.32: Specimen 9D measurement lines
5.5
5.5.1

Phase III – Test Results
Specimen 7

The data collected for Specimen 7, as discussed previously, was limited to only one transverse
line across the plate and only at two depths through the thickness of the plate. All of the data
points for the longitudinal strain that were collected for Specimen 7 are shown in Figure 5.33.
The expected pattern of residual strains is seen here with the tensile regions near the weld
stiffener connection balanced by a compressive strain away from the weld. The 8.4 mm depth is
closest to the welded surface of the plate and the 4.8 mm is near the centre and it can be noted
that the change in strain levels between the two depths is minimal as is the change between the
strain levels between the first and second welded stiffeners.
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Figure 5.33: Specimen 7, longitudinal strain in transverse direction, 8.4 and 4.8 mm
depths
The distance between the two stiffeners in Specimen 7 is 325 mm which lies in between the
stiffener spacings of Specimen 3 and Specimen 5 which were 250 mm and 400 mm, respectively.
Specimen 2 from Phase I [1] had only one stiffener and will be assumed to have an infinite
distance between stiffeners, otherwise understood as two stiffeners spaced at such a distance
that they have no interaction. Figure 5.34 shows all four specimens compared on a transverse
scale from the second welded stiffener on the x‐axis with all four specimens using the same
welding heat input of 2.5 kJ/mm. In this figure only the strain is shown for the depth closest to
the welded surface of the plate. It can be found that all four specimens have similar patterns of
stress with tensile strain near the welded connection and compression away from the stiffeners.
At the first welded stiffener the maximum tensile strain for Specimens 2 (infinite spacing), 3
(250 mm spacing), 7 (325 mm spacing), and 5 (400 mm spacing) were found to be 1760, 2080,
1710, and 1735, respectively. The maximum tensile stress values for the first welded stiffener
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were only calculated for Specimen 2, 3, and 5 and were 419 MPa, 430 MPa, and 424 MPa. The
peak tensile stress values were found near the centre of the weld and the stress values
calculated were approximately 5% higher than the yield strength of the material at 405 MPa.
For the second welded stiffener, Specimen 2 is also included because it is assumed that the
stiffeners in this specimen are spaced far apart, such that there is no interaction between the
two welds. Specimens 2 (infinite spacing), 3 (250 mm spacing), 7 (325 mm spacing), and 5 (400
mm spacing) have a peak tensile strain of 1760, 2000, 1785, and 2065, respectively. The stress
values were only calculated for Specimens 2, 3, and 5 at 419 MPa, 390 MPa, and 526 MPa,
respectively. Maximum tensile stress in Specimen 3 is 4% lower than the yield strength and in
Specimen 5 is 30% higher than the yield strength of the material. From these results shown in
Figure 5.35 around the second welded stiffener the infinite spacing and the 325 mm spacing
have similar longitudinal strain values around 1770 microstrain with the other two spacings the
values are above 2000 microstrain. Figure 5.36 shows the first welded stiffener, the infinite
spacing, 400 mm spacing, and 325 mm spacing all have strain values near 1700 microstrain with
the 250 mm spacing over 2000 microstrain. Therefore, it appears that 325 mm spacing is the
optimal spacing of stiffeners for these specimens. The specimen with the 250 mm spacing
results in high tensile stress at both of the weld connections and the 400 mm spacing has a high
tensile value at the second welded stiffener. Specimen 2, with infinite spacing, has similar strain
values as Specimen 7 but infinite spacing is not practical in a steel stiffened structure. In general,
the distribution shows a tensile region near the weld connection balanced by a compressive
strain away from the stiffeners which confirms the trends found in previous works ([3];[7];[23]).
However, the maximum tensile stress values are found to be higher than the yield strength and
higher than previously reported. The stress values were calculated using the three orthogonal
directions of strain and hence, are not dependent on any shear stress components.
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Figure 5.34: Comparison of longitudinal strains for various stiffener spacings
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Figure 5.35: Comparison of longitudinal strains for various stiffener spacings at the
second welded stiffener
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Figure 5.36: Comparison of longitudinal strains for various stiffener spacings at the
first welded stiffener
5.5.2

Specimen 8

This specimen was built with a thicker (16 mm) plate and one stiffener. The three graphs in this
section show the normal, transverse, and longitudinal residual stress distributions for Specimen
8 for the transverse line across the specimen. This is the only thicker specimen tested at 16 mm
compared to all the rest of the specimens with thicknesses of 9.53 mm. Figure 5.37 shows the
normal stress at five depths for Specimen 8 which ranges from ‐82 to +88 MPa and indicates no
clear pattern of stress. Figure 5.38 shows the transverse stress component at five depths which
has a slightly larger range from ‐175 to +200 MPa which is expected for the transverse
component. At the depths closer to the welded surface of the plate (13.85 mm and 10.89 mm) a
slight pattern is noticeable with a higher tensile area near the weld and compressive stress away
from the weld, though this pattern is less apparent as the measurements move towards the
unwelded surface of the plate and the 2 mm depth measurements.
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The longitudinal stress component is where the anticipated pattern of stress emerges with the
high tensile peak near the weld and the compressive stress levels away from the stiffener. The
maximum tensile values are found at the three depths closest to the welded surface of the plate
at 13.85 mm, 10.89 mm, and 7.93 mm with longitudinal stress values of 435 MPa, 447 MPa, and
452 MPa, respectively, with an error margin of approximately ±20 MPa. Once past the half way
depth of the plate, the longitudinal stress values drop significantly at the 4.96 mm and 2.00 mm
depths with maximum tensile values of only 312 MPa and 119 MPa, respectively. All five depths
still exhibit the same pattern of high tensile stress at the weld with a low compressive stress
immediately adjacent to the stiffener followed by a leveling off of the compressive stress values
away from the weld. The compressive values hit a low of ‐180 MPa to a maximum of ‐26 MPa
but the mean value is approximately ‐120 MPa.
This specimen was tested to study the effect of residual stresses as the depth increases away
from the welded surface of the plate. Minimal change was noted through the thickness in the
specimens with a parent plate thickness of 9.53 mm. Therefore, this specimen with the thicker
plate of 16 mm was chosen. Figure 5.40 shows a comparison of four different specimens:
Specimen 2 and Specimen 3 from Phase I [1] and Specimen 5 and Specimen 8 from Phase II. All
of the specimens have a parent plate thickness of 9.53 mm except for Specimen 8 which has a
thickness of 16 mm. All of the specimens have a stiffener that is 9.53 mm thick welded with a
weld bead of similar size as the thickness of the stiffener. The graph shows the longitudinal
stress through the thickness directly under the weld bead, where the gradient of stress would
be assumed to be the highest since this location is closest to where the weld torch was during
the welding process. The shaded region of the graph shows the thickness of the 9.53 mm plates.
It can be found that the stress levels for all of the specimens begin to decrease at around 7 mm
from the welded surface of the plate and sudden large decrease at 8 mm for the 16 mm thick
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Specimen 8, illustrated by the vertical broken line. These results suggest that if a welded plate
requires that there be minimal residual stresses on the unwelded surface of the plate, the plate
must be at least as thick as the size of the weld bead. Further investigation with more variation
in the thickness of the parent plate and the size of the weld beads must be completed to
confirm this assumption.
Previous work completed by Teng and Lin [39] found that there was a decrease in the
longitudinal residual stress at the welded surface of the plate when the plate thickness was
increased since the welding energy can be absorbed by a larger volume. The changes stated in
that study only found a decrease of less than 10 MPa when increasing the parent plate thickness
from 5 mm to 12 mm. The results from the current study show that the surface stresses for the
thicker plate are both higher and lower than the thinner plate specimens and therefore, no clear
conclusion can be drawn from these statements.
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Figure 5.37: Specimen 8, normal stress in transverse direction at five depths
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Figure 5.38: Specimen 8, transverse stress in transverse direction at five depths
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Figure 5.39: Specimen 8, longitudinal stress in transverse direction at five depths
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Figure 5.40: Comparison of change in longitudinal stress through the depth of four
different specimens
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5.5.3

Specimen 9

Specimen 9 results are presented in line graphs and surface graphs to best represent the
residual stress patterns found in these four specimens. For all of the specimens, if the entire
range of measurements was not collected across the transverse and longitudinal directions the
values were assumed to be a symmetric pattern of stress on either side of the weld bead and
presented as such. The weld bead is along the longitudinal direction starting in the negative
values and moving forward into the positive longitudinal values (see Figures 5.28, 5.29, 5.30,
5.32). The weld bead on all four of these specimens is approximately 15‐20 mm wide and 5‐7
mm high as shown in Figure 5.41. For all of the graphs for Specimen 9 the stress values are in
MPa and the distance units are in millimetres unless otherwise stated.

5.5.3.1 Specimen 9A
Specimen 9A had no discontinuity in the welding process and was measured for strains at three
depths through the thickness. The normal stress for all four lines (Figure 5.29) for a depth of 2
mm is shown in Figure 5.42, depth of 4.77 mm is shown in Figure 5.43 and a depth of 7.53 mm is
shown in Figure 5.44. The stress values found in the normal component ranged from ‐125 MPa
to +75 MPa with an average error of ±20 MPa. The method of calculating the error of the
residual stresses for each component is shown in Chapter 3 and the value of ±20 MPa is well
within standard error values for the ND method of measurement. These values are small in
comparison to the other two stress components and are not considered to be critical in
contributing to early failures and show no real pattern of stress. It should be noted that these
plots interpolates or extrapolates the stress data for points where strain data was not collected.
The transverse stress graphs for all three depths are shown in the next three figures with the 2
mm depth shown in Figure 5.45, the 4.77 mm depth shown in Figure 5.46, and the 7.53 mm
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depth shown in Figure 5.47. The pattern of the transverse stress component across the entire
plate at all three depths is apparent. The transverse stress is fairly constant across the
transverse direction of the weld at any longitudinal line along the weld bead. However, the
longitudinal direction of stress shows a pattern of high transverse stress near the origin with a
maximum value of 257 MPa at a depth of 4.77 mm and then lower transverse stresses at the
edges of the plate at the start and termination of the weld bead which range from ‐200 MPa to
+100 MPa at all three depths. The lowest compressive stress value was found at a depth of 7.53
mm and it is ‐336 MPa near the edge of the plate though most lie in between ‐150 MPa and ‐250
MPa. The error range for the transverse stress component is also ±20 MPa. Through the depth
of the plate the transverse pattern stays the same but with a slight difference at the depth of 2
mm that shows a decrease in the stress right at the centre of the weld near the centre of the
plate. The overall transverse stress pattern indicates a bending stress in the direction of the
welding process (the longitudinal direction).
The longitudinal residual stress is shown for the 2 mm depth in Figure 5.48, the 4.77 mm depth
in Figure 5.49, and the 7.53 mm depth in Figure 5.50. In these three figures the pattern of stress
is most evident compared with the other two components of stress. The longitudinal stress
values are also the highest of the three components with a range from ‐169 MPa to +461 MPa
with an average error of ±19 MPa. The highest value is located on the 0 mm transverse line
through the centre of the weld bead. The overall pattern of stress shows a bending stress in
both directions: along the weld bead and transverse to the weld bead. The highest stresses are
found near the centre of the plate with the lower values of stress near the edges of the plate.
There also exists a pattern evident in the longitudinal stress component in the transverse
direction with a sharp drop in stresses near the centreline of the weld.
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A line graph to better illustrate this pattern is shown in Figure 5.51 for all three transverse lines
(see Figure 5.28) shown for all three depths. The 2 mm depth is shown with solid lines, the 4.77
mm depth shown with broken lines, and the 7.53 mm depth is shown using a dotted line with
the 0 mm transverse line indicated using the colour blue, the 30 mm transverse line shown using
red, and the 80 mm transverse line shown with a green colour. The pattern shows a peak in the
longitudinal tensile stress at about 10 mm away on either side of the weld line and then a drop
of around 100 MPa directly at the middle of the weld bead cross section for both the lines at 0
mm and 30 mm. The line at 80 mm also shows a similar reduction; however, the peaks are not
high in magnitude but the drop is larger (almost 200 MPa) at all depths. The peak tensile
stresses are roughly 10 mm on either side of the middle of the weld bead located at the junction
of the plate and the weld bead (which is 20 mm across and 5 mm high, as shown in Figure 5.41).
This pattern of stress for a weld bead on steel cold‐rolled plate is typically to be expected and is
found in other literature [23] [39] [33].

Figure 5.41: Weld detail for Specimen 9
Figure 5.52 compares the transverse and longitudinal stresses along the middle of the weld bead
(line 0W in Figure 5.29) at all three depths. The same line scheme as the previous figure was
used for the depths and the transverse values are shown in purple with the longitudinal values
shown in orange. The bending stress in the plate along the weld bead is clearly found for both
the transverse and longitudinal stress components with a higher magnitude of stresses for the
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longitudinal component in comparison with the transverse. The transverse stress component
range found along the weld bead is about 250 MPa from the high point near the centre of the
plate to the low points (near or below zero in the compressive range of stresses) at the start and
end of the 200 mm long weld bead. Though measurements were not collected directly near the
edges of the plate it is assumed that the stress continues to decrease.
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Figure 5.42: Specimen 9A normal stress at 2 mm depth

Figure 5.43: Specimen 9A normal stress at 4.77 mm depth

Figure 5.44: Specimen 9A normal stress at 7.53 mm depth
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Figure 5.45: Specimen 9A transverse stress at 2 mm depth

Figure 5.46: Specimen 9A transverse stress at 4.77 mm depth

Figure 5.47: Specimen 9A transverse stress at 7.53 mm depth
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Figure 5.48: Specimen 9A longitudinal stress at 2 mm depth

Figure 5.49: Specimen 9A longitudinal stress at 4.77 mm depth

Figure 5.50: Specimen 9A longitudinal stress at 7.53 mm depth
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Figure 5.51: Specimen 9A longitudinal stress across transverse lines
500

400

300

Stress (MPa)

200

100

0

‐100

‐200

Trans ‐ 2 mm depth

Trans ‐ 4.77 mm depth

Trans ‐ 7.53 mm depth

Long ‐ 2 mm depth

Long ‐ 4.77 mm depth

Long ‐ 7.53 mm depth

‐300
‐80

‐60

‐40

‐20
0
20
40
Longitudinal distance from the origin (mm)

60

80

Figure 5.52: Specimen 9A transverse and longitudinal stress across longitudinal line
0W along weld bead
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5.5.3.2 Specimen 9B
Specimen 9B had a discontinuity (stop‐and‐start) in the welding process at the centre of the
welding plate and at the mid‐length the welding process was stopped for ten seconds before the
welding process was continued until the termination of the plate. The area of the stop and
restart with an overlap is shown in Figure 5.53 and the specimen was measured at two depths of
2 mm and 4.77 mm, which are closest to the unwelded surface of the plate. Stress data from
other specimens show that the stresses are critical near the welded surface of the plate but
these are also the points that take the longest to collect the strain data. Strain measurements at
7.53 mm were not collected to optimize the beam time allocated for this project. The normal
stress for the depths of 2 mm and 4.77 mm are shown in Figure 5.54 and Figure 5.55,
respectively. The normal stress component ranged from ‐85 MPa to +85 MPa with an average
error of ±19 MPa. Similar to Specimen 9A there is not a clear pattern found for the normal stress
component and the values are low in magnitude and hence, not of concern in failure design.
The transverse stress component for the two depths is shown in Figure 5.56 and Figure 5.57
with the data mirrored about the longitudinal centreline of the weld. The range of stresses
found for the transverse component are from ‐280 MPa to +236 MPa with an error of ±19 MPa.
Unlike the normal component of stress, a pattern is evident in the distribution of the transverse
stress component. Similar to Specimen 9A, the transverse stress shows a bending stress in the
longitudinal direction with the tensile peak value near the middle of the plate. However, no
clear pattern is found in relation to the inconsistency in the weld for the ten second stop. The
stop and restart can clearly be seen in Figure 5.53 but any effects that this stop has on the
distribution of the transverse stress component are not obvious. Figure 5.58 and Figure 5.59
show the transverse stress at depths of 2 mm and 4.77 mm, respectively, across the weld bead
at all seven transverse measurement lines. These two graphs only show the data collected and
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do not show the extrapolated data mirrored about the centreline. The pattern of stress shown
in these two graphs indicated a fairly consistent pattern of transverse stress across the weld.
The line at 80 mm from the centre of the plate, located at the end of the weld bead, inverts the
pattern of stress found across the other lines closer to the centre of the plate. As well, the line
at ‐20 mm from the centre of the plate is about 100 MPa less than the other surrounding
transverse lines of stress. This ‐20 mm line location is just before the start of the overlap in the
stop and restart of the welding process. This drop in stress at ‐20 mm before the origin indicates
a reduction in transverse stress values near the centre of the weld bead and the HAZ at both
depths. As well, there is a drop in stress at the centre of the weld bead for the transverse
component for the lines that are closest to the interruption in the welding process. The drop at
the centre of the weld bead can most clearly be seen in Figure 5.58 at Lines 0, 5, ‐5, 20, and ‐20.
At the 4.77 mm depth in Figure 5.59 the drop at the centre is only visible at Lines 0 and ‐5.
The residual stress distribution within a 30 mm radius from origin at the 2 mm depth is shown in
Figure 5.60. This figure shows a closer look at the two peaks of residual transverse stress on
either side of the centerline of the weld bead and as well the lower residual stresses found
before the welding interruption (stop‐and‐start) compared to the higher stresses after the
interruption. The peaks stresses occur at 10 mm prior to the origin and the lower stresses occur
at 20 mm after the peak when compared to the 0 mm line.
The longitudinal stress distributions are shown in Figure 5.61 and Figure 5.62 for the depths of 2
mm and 4.77 mm, respectively. The expected pattern of stress is found here with a maximum
stress of 457 MPa and a minimum compressive value of ‐238 MPa and an average error of ±19
MPa. The high tensile peak is found near the centre of the weld and the low compressive
regions towards the edge of the plate. As well, there is a slight bending stress along the
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longitudinal direction of the weld. Line graphs showing only the collected data across the weld
line on seven transverse lines is shown in Figure 5.63 for the 2 mm depth and Figure 5.64 for the
4.77 mm depth. All of the lines show the same pattern of stress except for the 80 mm line which
is close to the end of the weld bead (see Figure 5.30) and nearing the edge of the plate where
the lower stresses are expected.
The pattern of stress in the region of the centre of the weld bead is high near the outer
transverse edges of the weld bead and then slightly lower moving towards the centreline of the
weld with a slight peak in stresses directly in the centre of the weld bead. Directly at the centre
of the weld bead it was expected that the stresses would remain slightly lower than the stresses
near the edge of the weld bead. This pattern of stress could be a result of the restraints on the
plate during the welding process causing a V‐formation in the plate as it cooled and the
shrinkage around the weld bead caused this peak at the centreline of the weld bead and the
plate. This pattern of stress has been found previously with the use of XRD in work by Farajian et
al. [2011].
Figure 5.65 shows the transverse and longitudinal stress distributions along the centreline of the
weld bead for both depths. The expected pattern along the longitudinal length is found with a
slight peak near the mid‐length of the weld and more compressive stresses near the start and
termination of the weld bead for both the transverse and longitudinal stress components.
Overall, very little change was seen in Specimen 9B in comparison to the results found for
Specimen 9A except for the change through the cross‐section of the weld bead. For the
transverse stress component there is a slight drop in the stresses before the welding
interruption and the peak of stress for this component is found after the interruption. As well,
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there is a sharp drop directly at the centre of the inconsistency in the transverse stress
component.

Figure 5.53: Specimen 9B with a ten second stop and restart in the welding process
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Figure 5.54: Specimen 9B normal stress at 2 mm depth

Figure 5.55: Specimen 9B normal stress at 4.77 mm depth
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Figure 5.56: Specimen 9B transverse stress at 2 mm depth

Figure 5.57: Specimen 9B transverse stress at 4.77 mm depth
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Figure 5.58: Specimen 9B transverse stress across the weld at 2 mm depth
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Figure 5.59: Specimen 9B transverse stress across the weld at 4.77 mm depth
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Figure 5.60: Specimen 9B transverse stress near the origin at 2 mm depth

Figure 5.61: Specimen 9B longitudinal stress at 2 mm depth

Figure 5.62: Specimen 9B longitudinal stress at 4.77 mm depth
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Figure 5.63: Specimen 9B longitudinal stress across the weld at 2 mm depth
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Figure 5.64: Specimen 9B longitudinal stress across the weld at 4.77 mm depth
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Figure 5.65: Specimen 9B transverse and longitudinal stress along centre of the weld
bead (line 0W)
5.5.3.3 Specimen 9C
Specimen 9C has the same geometry as Specimen 9B but the duration of stoppage in the
welding process was increased from 10 seconds to 30 seconds. The inconsistency in the weld is
shown Figure 5.66. Like Specimen 9B, only two depths of measurements were collected on just
over half of the plate. The normal stress component is shown in Figure 5.67 for the 2 mm depth
and Figure 5.68 for the 4.77 mm depth. The maximum normal stress for this specimen was 85
MPa and the minimum was ‐69 MPa with an average error of ±18.6 MPa. The magnitude of the
stresses for the normal component are low and insignificant compared with the other two stress
components. No obvious pattern of stress emerges, however, with only a slight bending stress in
the longitudinal direction is evident at the 4.77 mm depth.
The transverse stress component is shown in Figure 5.69 and Figure 5.70 for the depths of 2 mm
and 4.77 mm, respectively with the data mirrored about the centreline of the weld. The
maximum tensile stress found was 287 MPa and the minimum compressive stress was found to
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be ‐286 MPa with an average error for all measurements of ±18.8 MPa. These values are very
similar to those found in Specimen 9B. The transverse stress component for Specimen 9C shows
the same bending stress in the longitudinal direction of the plate with the peak stress occurring
at the centre of the plate. The transverse tensile stress peak is located about +5 to +20 mm
away from the stop and start in the welding process and there is a lower value of transverse
stress before the stop between ‐5 and ‐20 mm away from the origin.
The lower transverse stress values at the ‐5 mm and ‐20 mm transverse lines can more clearly
be found in the line graphs depicting only the collected data in Figure 5.71 and Figure 5.72 for
the 2 mm depth and the 4.77 mm depth, respectively. This pattern of stress was also noted in
Specimen 9B with a lower transverse stress immediately before the stop and restart in the
welding process, however, for Specimen 9C the drop and peak is much more pronounced than
that which was found in Specimen 9B. Hence, it can be concluded that the stop‐and‐start
reduces the transverse stress and the longer the stop the larger the magnitude of reduction in
the transverse stresses at this point immediately before the welding interruption. As well, the
peak in tensile stress after the interruption in the welding process produced a higher value in
Specimen 9C with the longer stop than in Specimen 9B.
The longitudinal stress component is presented at the 2 mm depth in Figure 5.73 and the 4.77
mm depth in Figure 5.74. The maximum tensile longitudinal stress found was 475 MPa with the
minimum compressive stress at ‐196 MPa with an average error of ±18.8 MPa. These values of
stress are slightly more tensile than Specimen 9B by approximately 25 MPa. The maximum
tensile stress was found at the centreline of the weld at the ‐5 mm transverse line which is near
where the dip in transverse stresses also occurred. The minimum longitudinal stresses were
found near the edge of the plate away from the weld as expected. These figures show the three‐
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dimensional distribution with the surface plot imposed on top of it. The surface plot on top
clearly indicts the expected pattern of residual stress with the high tensile region near the weld
and the compressive areas away from the weld region and towards the beginning and
termination of the weld bead. The pattern also shows a bending stress along the longitudinal
direction of the plate from start to end of the weld bead. All the transverse lines shows the
same pattern of stress except for the 80 mm transverse line which shows the effects of the
bending stress in the welding direction being so far from the origin of the plate.
The line graphs that show only the collected data for the two depths (Figure 5.75 and Figure
5.76) show that the pattern of stress in the area of the weld bead is similar to what was found in
Specimen 9B. The high tensile stress peaks near the outer edges of the weld bead with another
slight peak directly in the centre of the weld bead, though this pattern observed more clearly at
the 4.77 mm depth near the origin (stop‐and‐start). The magnitude of the stresses in this region
are similar for both Specimen 9B and Specimen 9C and the stresses at the edges of the weld
bead are close to the same magnitudes in Specimen 9A at the same location. The range
between the valleys and peaks across the weld bead has increased with the increased stoppage
time from Specimen 9B to Specimen 9C.
Figure 5.77 shows both the transverse and longitudinal stress components on the same graph
along the centre of the weld bead at both depths. The bending stress in the longitudinal
direction is more clearly illustrated in this graph with the peak near the centre of the plate and
the more compressive stresses near the edges of the plate. The drop in transverse stresses
occurs before the interruption in the welding process (stop‐and‐start) followed by the peak
immediately after is also more evident in this graph. Overall, Specimen 9C did show changes
from the residual stress distributions found in Specimen 9A and 9B in the area of the stop‐and‐
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start and in the cross‐section of the weld bead. There was a higher tensile transverse stress after
the interruption in Specimen 9C compared to Specimen 9B and Specimen 9A. This higher
transverse stress is higher with the longer stoppage time during the welding process. In
contrast, the drop in transverse stresses immediately before the interruption is lower in
Specimen 9C than Specimen 9B. Therefore, the range from the low before the interruption to
the peak after the interruption has increased with the increased stoppage time from Specimen
9B to Specimen 9C.

Figure 5.66: Specimen 9C with a 30 second stop and restart in the welding process
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Figure 5.67: Specimen 9C normal stress at 2 mm depth

Figure 5.68: Specimen 9C normal stress at 4.77 mm depth
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Figure 5.69: Specimen 9C transverse stress at 2 mm depth

Figure 5.70: Specimen 9C transverse stress at 4.77 mm depth
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Figure 5.71: Specimen 9C transverse stress across the weld at 2 mm depth
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Figure 5.72: Specimen 9C transverse stress across the weld at 4.77 mm depth
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Figure 5.73: Specimen 9C longitudinal stress at 2 mm depth

Figure 5.74: Specimen 9C longitudinal stress at 4.77 mm depth
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Figure 5.75: Specimen 9C longitudinal stress across the weld at 2 mm depth
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Figure 5.76: Specimen 9C longitudinal stress across the weld at 4.77 mm depth
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Figure 5.77: Specimen 9C transverse and longitudinal stress along centre of the weld
bead
5.5.3.4 Specimen 9D
Specimen 9D also has the same geometry as Specimen 9B and Specimen 9C with the length of
the stoppage time increased to 60 seconds before restarting the welding process. The
inconsistency in the welding process for Specimen 9D is shown in Figure 5.78. No clear
differentiation in the physical shape and appearance of the weld inconsistency is found among
the 10, 30, and 60 seconds stop specimens. Three depths of measurements (2.0 mm, 4.77 mm,
and 7.43 mm) were obtained across the entire plate in both the transverse and longitudinal
directions and this specimen has the most comprehensive amount of data collected among all
four specimens in the Specimen 9 series. The normal stress component is shown in Figure 5.79
for the 2 mm depth, Figure 5.80 for the 4.77 mm depth, and Figure 5.81 for the 7.53 mm depth.
The maximum normal stress obtained for this specimen is 83 MPa and the maximum
compressive stress is ‐104 MPa with an average error of ±18.4 MPa. Hence, all values are similar
to the other three specimens in this group. Again these normal stress values have the smallest
magnitude compared to the other two components of stress and should not be a matter of
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concern. A slight bending stress is observed in the longitudinal direction along the weld as was
found for the other specimens.
The transverse stress distribution is shown in Figure 5.82, Figure 5.83, and Figure 5.84 for the
depths of 2 mm, 4.77 mm, and 7.53 mm, respectively with all of the points collected for all
measurement locations across the transverse direction. The maximum (tensile) transverse stress
is 308 MPa at the 7.53 mm depth and the minimum (compressive) transverse stress is ‐382 MPa
also at the 7.53 mm depth. The average error for the transverse component of stress is ±18.8
MPa. This range of values is larger than the other specimens in this group by more than 100
MPa. This is mostly due to the difference in the minimum transverses stress value since the
maximum values are similar to the other specimens. There is a pattern of stress that exists with
the higher transverse stress values near the centre of the plate and more compressive values
near the edges of the plate. Also again, there is a bending stress in the longitudinal direction
clearly visible at the 80 mm line which is significantly lower than the values from the centre of
the plate.
The line graph for the 7.53 mm depth is shown in Figure 5.85. This plot best illustrates the same
pattern found in the other specimens with a drop in the transverse stresses around ‐5 and ‐20
mm before the weld stop‐and‐start from tensile stresses down to compressive stresses. This
pattern was also found in Specimens 9B and 9C with the lower stress directly preceding the stop
and restart in the welding process. The pattern was more prominent in Specimen 9C than
Specimen 9B. In turn, the transverse pattern Specimen 9D is more well‐defined than both of
these previous two specimens. At the edge of the plate, on the 80 mm line shown in solid red,
the residual stress values are low and show a reverse pattern than the other transverse lines.
This change is a result of the edge effects of the plate and the characteristics of the welding
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process near the start and end of the weld. Often the stresses near the edge of plate are not
collected since the focus was only the stresses near the centre of the plate. There are no
previous works to compare these results. Line ‐5 and line ‐20 near the centre of the plate,
shown in purple and green broken lines, have lower stress values as well though this is related
to the stop‐and‐start in the welding process and the stress values begin to increase again around
the ‐40 mm line shown in broken orange. Overall, the transverse pattern of stress here has a
tensile peak near the centre of the weld except for the lines right before the interruption (stop‐
and‐start) and at line 80 which is close to the edge of the plate.
The longitudinal component of stress is shown for the 2 mm depth in Figure 5.86, the 4.77 mm
depth in Figure 5.87, and the 7.53 mm depth in Figure 5.88. The maximum longitudinal stress is
460 MPa, which is also the highest stress value among all four specimens and among all three
different stress components. The minimum longitudinal stress was ‐214 MPa which was not as
low as the compressive stresses found in the transverse component. The error for the
longitudinal component was comparable to the other specimens and stress components at
±18.9 MPa. The maximum stress value was found at the centreline of the weld at the mid‐depth
of the plate (4.77 mm) on the ‐5 mm transverse line which is where the low dip in the transverse
residual stresses occurred. This location of the high tensile value was also found in the previous
specimens. These figures show a three‐dimensional graph of the residual stresses with a surface
contour plot rendered on top.
The expected pattern of stress was found in the longitudinal component with the high tensile
stress values near the weld and the more compressive values away from the weld near the
edges of the plate as shown in the line graph Figure 5.89 for the 7.53 mm depth. All transverse
lines show a similar pattern of stress except for the 80 mm line which near the edge of the plate
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and near the termination point of the welding process. This lower value at the 80 mm location
shows again a bending stress in the longitudinal direction of the plate. The residual stress
distribution at the centre of the weld has high peaks near the outside edges of the weld bead
and another higher peak at the centreline of the weld bead with decreases in stress on either
side similar to previous studies [19]. In comparison, Specimen 9A (see Figure 5.51) has the
similar high peaks near the edges of the weld and a decrease (or valley) in the stress levels
across the weld but Specimen 9A does not have the high peak in the middle of the weld bead.
Specimen 9B and 9C both have a similar pattern to Specimen 9D but the decrease and the
middle peaks are not as defined. Therefore, as the stoppage time increases, the range of
stresses in the weld bead region (from the high values edges and the centre to the lower
stresses in between) also increases.
The transverse and longitudinal stress components for all three depths are shown in Figure 5.90
along the centerline of the weld bead (Line 0W). The bending stress is more clearly seen in this
graph with the higher tensile peak at the centre of the plate and lower stress near the start and
termination of the welding process. The decline in the transverse stresses before the
inconsistency is evident in this graph with the peak in the transverse stress roughly at the same
distance past the inconsistency. On the longitudinal component a smaller dip is noticed followed
again by the maximum tensile stresses along the weld bead. Overall, Specimen 9D exhibited the
largest changes in comparison to Specimen 9A with the most notable being in the longitudinal
direction near the centre of the weld and through the cross‐section of the weld. The decrease
before the interruption (stop‐and‐start) was larger as the welding stop time increased. However,
the increase after the interruption was also larger as the welding stop time increased.
Therefore, the range from the drop to the peak before and after the weld increased as the weld
stop time increased.
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Figure 5.78: Specimen 9D with a 60 second stop and restart in the welding process
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Figure 5.79: Specimen 9D normal stress at 2 mm depth

Figure 5.80: Specimen 9D normal stress at 4.77 mm depth

Figure 5.81: Specimen 9D normal stress at 7.53 mm depth
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Figure 5.82: Specimen 9D transverse stress at 2 mm depth

Figure 5.83: Specimen 9D transverse stress at 4.77 mm depth

Figure 5.84: Specimen 9D transverse stress at 7.53 mm depth
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Figure 5.85: Specimen 9D transverse stress across the weld at 7.53 mm depth
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Figure 5.86: Specimen 9D longitudinal stress at 2 mm depth

Figure 5.87: Specimen 9D longitudinal stress at 4.77 mm depth

Figure 5.88: Specimen 9D longitudinal stress at 7.53 mm depth
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Figure 5.89: Specimen 9D longitudinal stress across the weld at 7.53 mm depth
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Figure 5.90: Specimen 9D transverse and longitudinal stress along centre of the weld
bead
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5.5.3.5 Specimen 9 Comparisons
Test results obtained from Specimens 9A‐9D were discussed in the previous sections. This
section compares a few key points in their analysis. The residual stress values for all four
Specimens 9A‐9D for all three components of stress are summarized in Table 5.1. In this table, it
can be noted again that the maximum stresses are found in the longitudinal component of
stress followed by the transverse stresses with the lowest maximum stresses found in the
normal component. However, the minimum stresses were found with the highest compressive
stresses in the transverse component followed by the longitudinal and then the normal
component. The average error for all the stress components was around ±18‐19 MPa which is
an expected range of error for this method of measurement (neutron diffraction). The stress
ranges for each component show low range for the normal component around 180 MPa but
much higher stress ranges for the transverse and longitudinal components with values of
approximately 600 MPa and 670 MPa, respectively. The transverse and longitudinal components
have similar ranges of stress with the longitudinal component having slightly larger ranges
except for the last specimen but this range is within the error range. Figure 5.91 shows a
graphical representation of the maximum and minimum stress values for Specimen 9 with the
longitudinal stresses shown in black points, the transverse stresses shown in black hollow
points, and the normal stresses shown in black points with grey fill.
Figure 5.92 best illustrates the change in the stress distribution. This figure compares Specimen
9A with no stop and start to Specimen 9D which has the longest stop before a restart of 60
seconds. The transverse and longitudinal stresses along line 0W are shown in this line graph
with the transverse stresses shown with broken lines and the longitudinal shown with solid
lines. The Specimen 9A data is shown in gray and the Specimen 9D data is shown in black. For
Specimen 9A with no interruption in the welding process, the pattern of stress along the
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centerline of the weld is a bending stress from the beginning to the termination of the welding
process. Comparing it to the other extreme with a 60 second stop at the mid‐length of the weld
bead, the pattern of stress along the weld bead shows the drop in stresses before the stop in
the welding process at approximately ‐20 mm before the origin. Then approximately 20 mm
past the origin the peak in stresses occurs. This pattern is evident for both the transverse and
longitudinal components with a more obvious fluctuation in the transverse stress component. It
can be found that as the weld stop time increased the peak past the interruption location (stop‐
and‐restart) also increased and at the same time the drop before the interruption was more
compressive as the time increased. Therefore, Specimen 9D had the largest range from the low
before the stop to the peak after the stop and in turn, Specimen 9C stress range was larger than
Specimen 9B, which had a higher tensile peak than Specimen 9A. Further investigation is
suggested into stop‐and‐starts with longer stoppage time (80 seconds, 100 seconds, etc.) to
further investigate this phenomenon. The increase in the tensile residual stresses agrees well
with previous studies completed on stainless steel specimens with stop and starts ([25][26]).

Table 5.1: Summary of stress results for Specimens 9A‐D
Average stress

Stress range

(MPa)

(MPa)

error (±MPa)

(MPa)

Stop time

Minimum stress

Specimen

Maximum stress

N

9a

0

76

257

461

‐125

‐336

‐169

19.9

19.6

19.2

201

594

630

9b

10

87

237

457

‐85

‐281

‐238

19

19

19.2

172

518

695

9c

30

85

287

475

‐69

‐286

‐196

18.6

18.8

18.8

154

574

671

9d

60

83

308

460

‐104

‐382

‐214

18.4

18.8

18.9

187

690

674

T

L

N

T

L

N

T

L

N

T

L
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Figure 5.91: Maximum and minimum residual stresses for Specimen 9
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Figure 5.92: Comparison of Specimen 9A and 9D
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5.6
•

Summary of Phases II and III
There were three specimens in Phase II and three specimens in Phase III tested using the ND
method.

•

Numerous parameters were investigated using the ND method and the findings are
summarized in this section.

•

The effect of the termination of stiffener before the end of the plate was investigated using
Specimen 4 and discussed in Section 5.3.1


Specimen 4 had a stiffener 400 mm in length welded on a 600 mm long plate.



Stress values are at a maximum near the termination point of the stiffener at the
centreline of the weld.



The stress values decrease rapidly as the distance from the end of the stiffener
increases. As close as 20 mm away from the weld, large drops in the stress levels can
be observed.

•

The effect of level of welding heat input on the residual stresses was discussed in Section
5.3.3


Specimens 5 and 6 were identical physically but the heat input was changed from a
high heat input (2.5 kJ/mm) in Specimen 5 to a moderate heat input (1.75 kJ/mm) in
Specimen 6.



The high input had lower residual stress values for all three components of stress.



The normal and transverse components of stress were approximately 30 MPa and 45
MPa higher in Specimen 6 than in Specimen 5.



The longitudinal stress component was higher by 60 MPa in Specimen 6 than
Specimen 5 in the tensile region and higher by approximately 10 MPa in the
compressive region.
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These higher stresses are a result of the faster cooling rate associated with the lower
heat input because of increased shrinkage and phase transformations in the weld
area.

•

The effect of spacing of the stiffeners was discussed in Section 5.5.1


Specimens 2, 3, 5, and 7 were tested to study this effect.



All specimens showed the typical pattern of stress with a tensile stress peak near the
weld and compressive stresses away from the weld and in between the stiffeners.



The first welded stiffeners had longitudinal stress values around 5% higher than the
yield strength.



For second welded stiffeners:
•

Specimen 2 (assumed to have infinite spacing) was 5% higher than the yield
strength and assumed equal to the first welded stiffener (or no interaction)

•

Specimen 3 (250 mm spacing) had a lower stress value than the first welded
stiffener (4% lower than yield strength)

•

Specimen 5 (400 mm spacing) had a peak stress value higher than the first
welded stiffener and 30% higher than the yield strength

•

Specimen 7 (325 mm spacing) stress measurements were not calculated but the
maximum strain was approximately the same as Specimen 2 at 5% higher than
yield strength



The optimal spacing between two stiffeners was determined to be 325 mm based on
the results found when comparing these four different stiffener spacings.

•

The effect of thickness of the parent plate was discussed in Section 5.5.2


Two parent plate thicknesses: 9.53 mm (all specimens) and 16 mm (Specimen 8) were
tested using the ND method with the same size weld bead and welding heat input
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For the 9.53 mm thick specimens only a nominal change was noted through the
thickness of the plate.
•

At 7 mm below the welded surface of the 9.53 mm plate there was a decrease
in the stress values.



For the 16 mm thick specimen a change was found through the thickness
•

At the mid‐depth the stress values decrease suddenly and continue decreasing
to nearly 10% of the maximum near the unwelded surface of the plate.

•

The effect of an inconsistency (stop‐and‐restart) and its duration on the residual stress
distribution was discussed in Section 5.5.3


Four specimens were tested using the ND method with a weld bead on plate and an
inconsistency at the centre of the weld bead for four different durations (0, 10, 30,
and 60 seconds).



Specimen 9A had no stop and start and exhibited a bending stress in the transverse
and longitudinal directions for the longitudinal stress and this specimen was used for a
base specimen to compare the other three with stop and restarts.



Specimen 9B had a 10 second stop and also had a bending stress in the transverse and
longitudinal directions.


Only a small change in the pattern of longitudinal stress through the centre of
the weld bead was found to contrast with the results found for Specimen 9A
with no stop.



Specimen 9C had a 30 second stop and exhibited a bending stress in the transverse
and longitudinal directions for the transverse and longitudinal stress components.


A larger change was found in Specimen 9C with a drop in the transverse stresses
immediately before the stop and an increase immediately after the restart.
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As with Specimen 9B, a change was seen through the residual stresses at the
centre of the weld bead with a high peak directly in the middle and at the
transverse edges of the weld bead.



Specimen 9D had a 60 second stop and had a slight bending stress in both directions
on the plate.


The changes in the residual stress distribution for this specimen were the largest
of the four specimens and showed a large drop immediately before the stop
balanced by a high peak immediately after the restart of the welding process.

•

This pattern was found in both the transverse and longitudinal components of
stress but was more prevalent in the transverse component. The magnitude of
the drop and peak increased as the welding stop time increased.

•

The peaks and valleys found in the cross‐section of the weld bead were the
most significant in this specimen compared to the other two specimens with
interruptions.
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Chapter 6 ‐ X‐Ray Diffraction Test Method
6.1

Background

The X‐Ray diffraction (XRD) method is another form of non‐destructive test method for
measuring residual stresses. Like neutron diffraction (ND), XRD also uses the crystal lattice
structure as an internal strain gauge to determine the residual stresses in a sample. Known
elastic constants of the testing material are compared with the interatomic spacing of the
stressed sample material to calculate the residual stresses. X‐Rays can only penetrate steel up to
approximately 0.2 mm (under the conditions used in this study), therefore, only surface residual
stress data can be collected using this method. The ND method and the XRD method can be
used to complement one another since the surface stresses are collected using the X‐Rays and
the remaining through thickness measurements by the neutrons. Neutrons have the advantage
of providing an entire through thickness image of the residual stress distribution while the X‐
Rays have a limited penetration depth; X‐Rays have an advantage since the method has portable
options for in‐situ measurements.
The miniature XRD (mXRD) equipment used to collect the residual stress data for Phase IV of the
testing uses the multiple exposure technique. The multiple exposure technique allows the
rotation of the X‐Ray beam apparatus around the measurement point in order to improve the
accuracy of the data by collecting and averaging the data from a larger number of grains at the
same point. The multiple exposure technique is similar to the oscillation used in the ND method
for better accuracy of collected data and helps avoid issues such a large grains and
abnormalities within the microstructure. The multiple exposures at multiple ψ angles provides
more information for complex microstructures within materials such as texture and microstrain
and assists in minimizing instrument alignment problems that often lead to errors in the
linearity of the results and a decrease in statistical error.
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X‐Rays are electromagnetic radiation waves that are created by electrons colliding with a metal
target. X‐Rays can range between 0.01 and 100 Å [13] and is determined by the type of metal
target used to create the X‐Rays. In these experiments, the metal target used was Chromium Kα
that produces a wavelength of 2.291 Å, which is ideal for residual stress measurements in steel
which is shown in Figure 6.1. X‐Rays are best produced by heating a filament with an electric
current in order to provide enough thermal energy to release electrons from the filament,
illustrated in Figure 6.2. These electrons travel through the X‐Ray tube and collide with the
metal target to form the X‐Rays and heat as the electron decelerates against the target. The
newly formed X‐Rays then travel into the specimen at the specified ψ angle where they will
diffract off the lattice structure before being collected by the scintillation detectors, shown in
Figure 6.3, labelled L1 and R1 and circled in white broken lines. The mXRD was not equipped
with K Alpha filters as it is not required for 350 WT steel. The angle of exposure refers to the
angle between the incident X‐Ray beam and normal to the specimen surface. The multiple
exposure technique angle is achieved by rotating the entire X‐Ray tube through an angle of 2β
back and forth along a plane, as shown in Figure 6.3 with white arrows. This angle ψ is
calculated evenly at seven tilt locations across the β angle range of ‐25°±3° to +25°±3°. The
reflection at the sample used was (211) with a diffraction angle of 156°. The exposure time at
each of the β locations was one second with ten exposures at each location. The gauge size used
for all three samples was 1 mm or 2 mm diameter circles.
X‐Ray diffraction utilizes the principles of Bragg’s law, just as the neutron diffraction method
does, where the X‐Rays with a wavelength of λ will enter the metal and diffract off the lattice
planes hkl at Bragg’s angle θB. The wavelength of X‐Rays used for data collection was 2.291 Å
have a very high energy and the power required to generate this wavelength was 20.0 kV, 4.0
mA. The Bragg X‐Rays are the X‐Rays that diffract elastically and coherently to produce valid
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residual strain data. These X‐Rays are collected by the scintillation detectors and then travel
along the fibre optic cables to be counted. The cables and the typical set‐up for a specimen are
shown in Figure 6.4 with a two stiffener specimen set‐up to collect the residual strain data on
the unwelded surface of the plate. The fibre optic cables output the count to the mXRD console
and finally to the laptop to be analyzed as shown in Figure 6.5. The collected residual strain data
was processed by the data acquisition software created by Proto Manufacturing and using the
Pearson VII fitting function and is output in stress values to be manipulated by the user as
necessary. A safe distance between the control console and the X‐Ray source and specimen is
required for proper and cautious use.

Figure 6.1: Cathode ray tube with chromium target

Figure 6.2: Illustration of X‐Ray production inside cathode ray tube
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2β

Figure 6.3: Scintillation detectors with 2β Rotation of unit along plane

Figure 6.4: Set‐up with a specimen, showing the fibre optic cables for data collection
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Figure 6.5: The mXRD console and laptop
XRD was used to collect residual stresses due to its non‐destructive testing capabilities and
portability of the equipment. Though the depth of penetration is much lower than the ND
method, the XRD can collect data in many different material types and in many difficult in‐situ
locations that the ND method would not otherwise be able to handle. Like the ND method, the
XRD method is also capable of measuring changes in residual stresses as a specimen is subject to
external loadings.
The XRD method uses Bragg’s law to determine the residual stresses in the material. The
multiple exposure technique rearranges the values in the Bragg’s law equation to form the
following equation to calculate the residual stresses:

The values of Δθ are plotted against sin2ψ in order to determine the stress from the slope of the
line.
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Validation of the measurement data is necessary as with most testing methods. The peak data
from the detectors is graphed and reviewed before the residual stress data is deemed correct.
The peak data for one of the specimens is shown in Figure 6.6. These graphs show the 80% peak
location and the Gaussian fit to this 80% line instead of the peak for best results. The three
different lines are the varying alpha rays from the X‐Rays with the actual measurements and the
fit of Kα the two highest peaks and the Kα1 and Kα2 the lower peaks. The peak location is
located roughly at the ψ0 value of approximately 274° to 277° and should be roughly centred on
the graph with sufficient background on either side of the peak for proper measurements. If the
background is not adequate, positioning screws are adjusted to change the precise location of
the measurements.
A four point bending stress test measures the strain curve of the material in order to determine
the stress‐free value of the testing material and to determine elastic constants used in all the
calculations for residual stress. The material that was used in this study is a standard structural
steel and therefore, this bending test was not performed, rather a standard X‐Ray elastic
constant was utilized to calculate the stress values.
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Figure 6.6: Peak data from XRD to confirm validity of results
6.2

Sample Preparation

Several initial measurements were taken and it was found that all of the specimens had an oxide
layer on the surface from the steel production process. The mXRD’s X‐Rays could not penetrate
through the oxide to be able to collect the residual stress data properly, as X‐Rays are very
sensitive to surface conditions. Therefore, removal of this oxide layer was necessary for all
specimens before measurements began. A solution of 20% phosphoric acid was found to be
most effective at removing the oxide without interfering with the residual stresses within the
specimen. Also, some of the specimens were electropolished to remove small amounts of
material to collect measurements at depths below the surface of the plate. A small test area
away from the testing locations on the specimen was electropolished at increments of 0.127
mm (0.005 in) up a depth of 0.5 mm (0.02 in) to monitor the change in stress at these depths.
Only a minimal change was found, indicating that electropolishing to the deeper depth was
unnecessary for these specimens. For further comparison, Specimen 1 was electropolished and
measurements were collected at depths of 0.2 mm and 0.25 mm. The measurements were
spaced between 1 mm and 40 mm apart on the unwelded surface of the plate. The stiffeners
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created an obstacle for the bulky mXRD equipment to allow for measurements on the welded
surface of the plate anywhere near the stiffeners. The XRD method is unable to collect the
normal component of stress for these specimens and therefore, only the transverse and
longitudinal components of stress were collected and these are presented here.

6.3

Test Set‐up

This study was completed using the XRD equipment at the Dockyard Laboratory of the Defence
Research and Development Canada in Halifax, Nova Scotia, Canada. Scientists Dr. Shannon P
Farrell and Mr. Kyle Avery assisted with all of the XRD data collection and the data analysis
afterwards. The miniature XRD (mXRD) which was used for the residual stress measurements
was a custom tripod portable system designed by Proto Manufacturing in Oldcastle, Ontario,
Canada. The testing was completed over a few weeks, a significantly shorter period of time than
the ND phase of testing. This is due to a fewer number of specimens that were tested using the
XRD method and a drastically less scope of work completed on the specimens. The timing for
the XRD was also less than the ND due to short count times for each individual point of
measurement, though was longer than the ND in terms of each individual point set‐up time
since the XRD did not have an mechanically and computer controlled sample table to move the
specimen for each individual measurement location.
The set‐up used for the mXRD compared to the ND method was quite simple. A laser point
affixed to the mXRD machine indicated where the X‐Rays were measured. Two different mXRD
machines were used for the measurements. The first was a completely manual mXRD that
required the user to physically move the specimen by hand into position beneath the X‐Ray
beam in order to collect a measurement and then repeat the process and move the plate to the
next measurement location. This machine was not very accurate in the positioning of the
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measurements locations since all the locations were lined up by eye. The second mXRD machine
that was used in this study incorporated a specimen table that had a large range of motion and
was able to move the heavy specimens at increments of 1 mm along the transverse
measurements lines and though the X‐Rays were no more accurate using the machine, the
positioning method used in the second machine were ideal compared to the first.
ASTM specification E915‐10 [44] was used to calibrate and initialize the mXRD. The ASTM
specification also instructs that the stress‐free data be collected and displayed in the same
manner with which all the residual stress values were determined. A stress/strain‐free iron
powder sample which was 99% pure was used with a standard X‐Ray elastic constant for
structural mild steel of 168.9 GPa in order to calculate the stress from the lattice strain using the
stress‐free powder sample. The elastic constant was previously found using the four point
bending test method as discussed earlier.
In order to ensure the mXRD machine is operating properly and according to the standard, an
Fe‐powder is tested. Five measurements were collected from the Fe‐powder with a mean of 1.5
MPa, according to equipment accuracy, and with a standard deviation of ± 6.7 MPa, the
statistical error from calculations. A high stress sample, manufactured by Proto the same
company that built the mXRD, was a standard shot peened steel used to verify the accuracy of
the equipment at high compressive stress values. The high stress sample was tested three times
with 508, 512, and 516 MPa as the calculated stress results, which fall in the limit of the
expected stress value of 525 ±20MPa.

6.4

Measurement Locations

The geometry of the specimens was discussed in previous chapters and will only be briefly
mentioned here. All of the measurements using the XRD method were attempted to match the
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same transverse locations as the ND method measurement locations. However, it was not
possible to do so in some locations because of the position of the stiffener limited how close the
mXRD was able to collect data near the weld.
Specimen 2 had one stiffener which was tested using ND in Phase I [1] (Table 3.5). Specimen 2
had all XRD measurements collected on one transverse line across the plate spaced 1 mm apart
on the unwelded surface of the plate due to interference with the stiffener on the welded
surface. The measurements were collected at a depth of 0.2 mm and an electropolished depth
of 0.25 mm. Specimen 2 data was collected on the portable mXRD machine with no travel table
and again later with the travel table.
Specimen 3 was welded with two stiffeners spaced 250 mm apart (Table 3.5) and this specimen
was also tested using ND in Phase I [1]. The XRD measurements for Specimen 3 were located 5
mm apart near the weld and as far apart as 40 mm away from the weld. The measurements
were on the same transverse line as the ND data points and were collected on the unwelded
surface of the plate at a depth 0.2 mm. The measurements on this plate were only collected
using the first mXRD machine without a travel table which allowed for more precise
measurement location set‐ups.
Specimen 5 was welded with two stiffeners spaced 400 mm apart and was originally tested
using ND in Phase II (Table 3.3). The XRD measurements for Specimen 5 were located on the
same transverse line as the ND measurement points but spaced 1 mm apart all the way across
the line. The measurements were collected using the travel table and the portable mXRD on the
unwelded surface of the specimen at a depth of 0.2 mm. It should be noted that the first reading
in the ND method was taken at a 1.1 mm depth from the unwelded surface of the plate and 0.6
mm from the welded surface of the plate.
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6.5

Comparison of ND and XRD Testing Methods

The ND method and the XRD method were chosen to complement each other in the data
collection. The ND method is able to collect residual stress data for all three orthogonal
directions of stress at depths all the way through the thickness of the plate. However, the ND
method is unable collect the residual stresses directly near the surface of the plate as the XRD
method can. The XRD method can only collect surface residual stresses unless the added use of
electropolishing is used but then the method becomes semi‐destructive. The XRD method is
portable whereas the ND requires a nuclear reactor source and is therefore not portable and
more expensive in equipment costs than the XRD method. The XRD method is much more
commercial and available to the public for use compared to the ND method. The X‐Rays are also
not able to penetrate through the thickness of the stiffener and weld material so measurements
directly underneath the weld bead and stiffener were not collected near the welded surface of
the plate. The two methods serve similar functions in that they both supply the residual stress
distributions of metals. However, if a through depth distribution of all three direction is required
the ND method is best and if an in‐service testing is required XRD is the only option here.
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Chapter 7 ‐ X‐Ray Diffraction Test Results – Phase IV
7.1

Outline

The X‐Rays diffraction (XRD) method was completed on three of the twelve specimens that were
tested using the neutron diffraction (ND) method. These three specimen were Specimen 2 from
Phase I [1], Specimen 3 from Phase I [1], and Specimen 5 from Phase II. The full details of the
specimens are shown in Chapter 3 and the full details of the ND test data can found in previous
studies [1] and in Chapter 5. Comparisons between the ND and XRD will be presented in this
chapter and all the residual stress data collected using XRD will be discussed. Only three
specimens were chosen because limited time was available for the equipment use of the XRD
machinery. Hence, these three specimens were chosen carefully to obtain a good range of
information. Another reason was all three of these specimens had all of three of the residual
strain components collected using the ND method and therefore, the residual stress values from
the ND method could be compared directly to the residual stress values that were collected
from the XRD method. In this chapter, the main focus was to compare the ND and XRD data for
the simpler specimens and look at the differences found between the methods and to confirm
the confidence in the ND test data.

7.2
7.2.1

Phase IV – Measurement Details
Specimen 2

Specimen 2 originally from Phase I [1] had one stiffener welded along the 600 mm length. This
specimen was designed to examine the residual stress caused by just one stiffener welded on
the parent plate, as if the next nearest welded stiffener had no effect on the residual stress
distribution of each subsequent stiffener. The parent plate was 600 mm long by 400 mm wide
and the stiffener was 600 mm long, all with a thickness of 9.53 mm (see Table 3.5). The stiffener
was welded off centre at a distance of 250 mm from the edge. Chapter 3 contains figures and
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photos of the specimen and Figure 7.1 shows the location of the measurement lines. One
measurement line was considered on the unwelded surface of the plate at an electropolished
depth of 0.25 mm. Several additional points were also taken near the welded surface of the
plate but the stiffener limited the data collection on this surface near the stiffener. The surface
of the plate was originally treated with a phosphoric acid solution to remove the scaling on the
surface which interferes with the path of the X‐Rays. The plate was also electropolished using a
swath polishing technique to a depth of 0.05 mm (Figure 7.2). The electropolishing method,
shown in Figure 7.2, allows the measurements to be taken a depth slightly below the surface of
the plate in order to avoid any stresses immediately at the surface of the plate.
The ND data collected in Phase I [1] was spaced as close as 1 mm near the stiffener‐plate
connection and as far apart as 40 mm towards the edges of the plate. The ND data was collected
at seven depths through the thickness of the plate at 1.1 mm, 2.4 mm, 3.7 mm, 5.0 mm, 6.3
mm, 7.6 mm, and 8.9 mm. For simplicity of presenting the data and for comparison with the
XRD data only three depths from the ND data will be presented at 1.1 mm, 5.0 mm, and 8.9 mm.
For the XRD method the measurements were spaced 1 mm apart across the transverse line on
the unwelded surface of the plate across a 220 mm distance along the transverse line. The
measurements that were taken near the welded surface of the plate were at a depth of 9.33
mm (or 0.2 mm from the welded surface) and were restricted by any location near or
underneath the stiffener arm. The transverse line was located near the centre of the plate in the
same location for both measurement methods.
This specimen was designed as the first look at the residual stresses due to welding a stiffener
on a plate. The ND and XRD data for this specimen show a complete picture of the residual
stresses found throughout the thickness of the plate. It is not possible to collect the normal
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strain component using the XRD method and therefore, for the analysis of the XRD data it was
assumed as a plane strain condition. Hence, only the transverse and longitudinal stress
components are available for the XRD method and will be presented in this chapter.
For the ND method, there were 31 measurement points across the one transverse line taken at
seven depths for all three directions of strain. A total of 651 measurements were collected for
Specimen 2 for the ND method. For the XRD method, there were only two components
measured at 214 locations across the plate at the 0.25 mm depth and 6 locations across the 9.33
mm depth. A total of 440 measurements were collected for Specimen 2 using the XRD method.
The origin is located at the open circle in Figure 7.1 and Figure 7.3 and is in the same location as
the other specimens in this study, at the junction of the plate and underneath the stiffener arm
(opposite the fillet weld). All of the measurements were assumed as positive or negative in the
transverse direction from this point.
A close up showing the depth locations through the thickness of the plate is shown in Figure 7.3
for both the ND method and the XRD method. The measurement locations for the ND method
are shown in Figure 7.1 with lines indicating the locations where all seven depths through the
thickness were taken. The measurement locations for the XRD method are not shown in a figure
since they were equally spaced at 1 mm apart.
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Figure 7.1: ND measurement locations for Specimen 2

Figure 7.2: Electropolishing of the specimen to achieve a depth of 0.05 mm

Figure 7.3: Through depth measurement locations for Specimen 2
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7.2.2

Specimen 3

Specimen 3 was the first of the two specimens with two stiffeners tested during Phase I [1] with
the stiffeners having the smallest spacing at 250 mm apart. The parent plate was 600 mm long
by 400 mm wide with the two stiffeners welded along the 600 mm length at 250 mm apart and
75 mm from each edge of the plate. Chapter 3 contains figures and photos of the specimen.
Specimen 3 was tested across one transverse line at seven depths for the ND method and the
same line for the XRD method but only at one depth.
One measurement line was considered at the unwelded face of the plate using the XRD method
at a depth of 0.2 mm. The geometry of the specimen did not allow for any measurements to be
collected on the welded surface of the plate. The ND data was collected at seven depths
through the thickness of the plate, the same as Specimen 2. However again, only three depths
1.1 mm, 5.0 mm, and 8.9 mm will be presented here for simplicity.
The transverse line was located near the centre of the plate in the same location for both
measurement methods. This specimen was designed as the first look at the residual stresses due
to welding a second stiffener on a parent plate at a relatively close distance of 250 mm. Using
both methods of measurement allow a complete picture of the residual stress distribution
through the thickness of the plate. Again, the normal stress was collected during the ND method
but was not possible using the XRD method and therefore, will not be presented here. The
normal stress data for this specimen obtained using the ND method can be found in Kenno [1].
A total of 1134 measurements were collected for Specimen 3 for the ND method across one
transverse line at seven depths. There were 54 points across the line spaced as close as 1 mm
and as far as 35 mm apart as shown in Figure 7.5. For the XRD method, there were only two
strain components measured at 77 locations across the plate at the 0.2 mm depth. A total of
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154 strain measurements were collected for Specimen 3 using the XRD method. The
measurements were spaced as close as 1 mm near the weld to as far as 12 mm apart away from
the weld. The location of the XRD measurements were matched to the ND measurement points
(Figure 7.5) wherever possible. This specimen was prepared with the phosphoric acid solution
but was not electropolished due to time restraints, the acid cleaned specimen is shown in Figure
7.4. Results were compared between the two depths of 0.2 mm and 0.25 mm at select locations
and the difference between results was within the error limits of the testing method.
Electropolishing helps with imperfections in the surface of the metal and when manufacturing
stresses are present near the surface and causing large changes in the stress distributions at
small increments through the depth.
The origin is located at the open circle (point 1) in Figure 7.5 and Figure 7.6 and is in the same
location as the other specimens in this study. The origin is located at the second welded
stiffener with the positive direction towards the first welded stiffener. Figure 7.6 shows the
detailed drawing of the weld area and the location of the measurements through the thickness
of the plate for both methods.

Figure 7.4: Specimen cleaned with phosphoric acid
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Figure 7.5: ND measurement locations for Specimen 3

Figure 7.6: Through depth measurement locations for Specimen 3
7.2.3

Specimen 5

Specimen 5 was the only specimen from Phase II tested using the XRD method. This specimen
was built with the largest spacing between the two stiffeners at 400 mm. The parent plate was
400 mm long by 600 mm wide with two 400 mm long stiffeners welded along the 400 mm
length at 400 mm apart with 100 mm from either edge of the plate. The figures and photos of
this specimen are shown in Chapter 3 (Figure 3.2) and the location of the ND measurement
points is shown in Chapter 5 (Figures 5.3 and 5.4). Specimen 5 was tested on one transverse line
at five depths: 1.2 mm, 3.0 mm, 4.8 mm, 6.6 mm, and 8.4 mm but test data for only at three
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depths (1.2 mm, 4.8 mm, and 8.4 mm) will be presented in this chapter to compare with the
XRD test data. There were 55 points collected across the transverse line at five depths for all
three strain components for a total of 795 measurement points. Specimen 5 was collected at
one electropolished depth of 0.25 mm for the XRD method. The ND data was collected as close
as 3 mm apart to as far as 40 mm whereas the XRD data was collected at 1 mm intervals across
the transverse line.
The origin is located at the second welded stiffener with the positive direction towards the first
welded stiffener. Figure 7.7 shows the detailed drawing of the measurements through the
thickness of the plate for Specimen 5.

Figure 7.7: Through depth measurement locations for Specimen 5
7.3
7.3.1

Phase IV – Test Results
Specimen 2

Specimen 2 was built in Phase I [1] and it was tested at two depths using the XRD method in
Phase IV and seven depths for the ND method in Phase I. The longitudinal component of stress
is shown in Figure 7.8 with the two XRD depths near the unwelded surfaces of the parent plate
and at three of the ND depths closest to both surfaces of the plate and also the mid‐depth. Both
methods of measurement show the typical distribution of stress expected for a welded
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structure with the tensile peak at the centre of the plate balanced by the compressive plateau
towards the edges of the parent plate. The ND method had a maximum tensile stress of 418
MPa at the 8.9 mm depth with a minimum value of ‐218 MPa at the 1.1 mm depth immediately
adjacent to the HAZ with most compressive plateau stress values in the range of ‐50 to ‐150
MPa away from the stiffener. Only partial data at the 9.3 mm depth could be obtained using the
XRD method. Hence, test data at this depth closest to the welded surface of the plate cannot be
compared between the two methods.
The XRD method at the 0.25 mm depth had a maximum value of 375 MPa compared to the ND
data at 1.1 mm depth of 360 MPa. These methods of measurements showed a good agreement
overall except for the middle of the HAZ in the XRD shows a drastic drop to 60 MPa flanked by
two high peaks near the maximum stress value. An enlarged graph of the data in the weld bead
area is shown in Figure 7.9 where the drop in stress is clearly visible. There are many smaller
peaks and valleys in the area of the weld bead at the other depths because the residual stresses
in this region are very high and nearing or surpassing the yield strength of the parent plate.
The overall stress pattern through the thickness of the plate indicates a more compressive
pattern of stress as the distance from the welded surface increases. This is expected since the
heat from the welding source is directly applied to the top surface and the heat dissipates
through the thickness.
The transverse component of stress is shown in Figure 7.10. The pattern is not as evident
compared to the longitudinal component though similarly away from the weld the values
remain constant and more compressive than the weld area. However, at the middle of the HAZ
the depths closest to the unwelded surface of the plate have more compressive values than the
depths closer to the welded surface of the plate. This drop in stress at the centre of the HAZ has
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been previously observed in studies by James et al. [37] and Paradowska et al. [45]. Though the
pattern of residual stress is not as consistent as the longitudinal component, the values of stress
are also significantly less than the yield strength of the material. The maximum transverse stress
value was 142 MPa and located in the centre of the HAZ at a depth of 8.9 mm and the minimum
was ‐32 MPa located away from the weld. The ND depth of 1.1 mm has a maximum transverse
stress value of 48 MPa compared to the XRD data at a depth of 0.2 mm with maximum
transverse stress of 72 MPa, which is close considering the margin of error is approximately ±19
MPa. Both of the maximum transverse values are located away from the HAZ. The minimum
transverse stress values were ‐30 MPa and ‐100 MPa for the ND and the XRD data, respectively.
The minimum values for both depths were found at the centre of the HAZ, in contrast to the
maximum values found away from the weld.
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Figure 7.8: ND and XRD longitudinal stress results for Specimen 2
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Figure 7.10: ND and XRD transverse stress results for Specimen 2
7.3.2

Specimen 3

Specimen 3 was built in Phase I [1]. This specimen was tested at one depth using the XRD
method in Phase IV and at seven depths for the ND method in Phase I. Figure 7.11 shows the
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longitudinal component of stress for three depths of collected ND data and one depth of XRD
data. The pattern of stress was found using both test methods with the high tensile peaks at the
HAZ and the lower compressive region away from the weld. The ND data show that the first
welded stiffener has a higher value of stress at 430 MPa than the second welded stiffener at 390
MPa. The highest value of stress was found at the first welded stiffener of 430 MPa which is
higher than the yield strength of the parent plate material at 405 MPa. The highest stress was
found using the ND method near the centre of the HAZ at the 8.9 mm depth, closest to the
welded surface of the plate. Comparing the XRD data at a depth of 0.2 mm with the ND data at
1.1 mm at the first welded stiffener the XRD data produced a high of 320 MPa and the ND a
value of 360 MPa. At the second stiffener the 0.2 mm XRD data shows a maximum stress of 380
MPa compared to the maximum stress at the 1.1 mm depth for the ND data at 340 MPa. The
compressive stresses away from the welded stiffeners had an average value of ‐200 MPa for the
0.2 mm depth compared to ‐174 MPa for the 1.1 mm depth. Hence, both methods provide
similar stress distributions and stress values.
The same pattern of stress within the weld zone that was noted in Specimen 2 with the sharp
drops occurs in this specimen as well. There are two sharp decreases in the stress value in each
weld that drop to just above or just below zero stress. These high variations in the stress in the
weld bead are also seen in the ND data at a less severe of a decrease for the 1.1 mm depth.
These inconsistencies in the weld profile are also occurring in the same locations for the
transverse component of stress as shown in Figure 7.12. Both the longitudinal and the
transverse components at the 0.2 mm depth collected by the XRD method show large variations
in stress within the HAZ. The margin of error for this method of measurement is on the scale of
±20 MPa and therefore, not the reason for these drops in stress levels. The points where this
occurred were tested more than once to confirm that these low stress values were not a result
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of an abnormal grain in the region or a testing method malfunction. The repeat tests established
that these low values were in fact accurate. It was therefore determined that this was inherent
to the testing methods near the surface of the plate. For the XRD method, the lattice spacing
constant, d0, was a standard for the type of steel used in this study and since the fluctuations
are not the same magnitude for the longitudinal and transverse stresses this value was not the
cause of the low values.
Since experimental or human errors were not the reason for these large deviations in the stress
values other explanations were discussed and researched. These variations may be due to
microstructural changes from the high thermal gradients caused by the high local heat from the
weld torch, the asymmetric volume changes, and constraint stresses from the adjacent metal
material. Hardening of the material may also have occurred resulting in a higher yield strength
in this confined area. Another common problem in welding is line‐contact cooling from the
clamp restraints used during the physical welding and cooling process of the specimens. The low
stress values may also be due to an anisotropic, directionally dependent, region of the metal in
the HAZ. Another option may be a chemical reaction in the HAZ which increased the carbon
content would render the elastic constants used invalid in this region. Previous research
[7][3][12] using various types of testing method agrees with the data found using the ND
method and therefore, this fluctuation obtained from the XRD methods needs further
investigation.
The first welded stiffener shows a higher tensile peak than the second welded stiffener for all of
the ND data but the XRD data shows an opposite trend. At the 8.9 mm depth the change from
the second to the first stiffener was +40 MPa or +10.3%, at the 5.0 mm depth the change was
+10 MPa or +2.6%, at the 1.1 mm depth the change was +17 MPa or +5%, and for the 0.2 mm
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depth from XRD data the change was ‐60 MPa or ‐16%. This may be due to the change in depth
of the measurements and the pattern is changing through the depth as it appears to be the
most extreme at the depths closest to the surfaces of the plate. Perhaps, through the centre
depths of the plates, the values are near equal and at the edges the second stiffener stress
values are highest near the welded surface and the first stiffener stress values are highest near
the unwelded surface.
The transverse stress component for Specimen 3 is shown in Figure 7.13 and there is a good
agreement between the two testing methods. Once again, the magnitude of stresses for the
transverse component of stress are significantly less than the longitudinal stress component and
the yield strength of the testing material. The more compressive values near the centre of the
weld are evident in this component of stress with the maximum compressive stress found
closest to the unwelded surface of the plate. The values for this component of stress agree well
with previous studies of transverse residual stresses [37].

ND 8.9 mm

400

ND 5.0 mm
ND 1.1 mm

300

XRD 0.2 mm

Longitudinal Stress (MPa)

Weld area
200

Uncertainty

100
0
‐100
‐200
‐300
2nd welded
stiffener

‐400
‐100

‐50

0

1st welded
stiffener

50
100
150
200
Transverse distance from the origin (mm)

250

300

350

Figure 7.11: ND and XRD longitudinal stress results for Specimen 3
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Figure 7.13: ND and XRD transverse stress results for Specimen 3
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7.3.3

Specimen 5

Specimen 5 is from Phase II and was tested at one depth near the unwelded surface of the plate
using the XRD method and at five depths using the ND method. Figure 7.14 shows both the ND
data at three depths and the XRD data at one depth of 0.25 mm for the longitudinal component
of stress. Similar to the previous two specimens, the pattern of stress obtained from both
methods for the longitudinal component has a high tensile peak at the welded connections and
a compressive plateau away from the welds. The tensile stress values were higher than those
found in Specimen 2 and Specimen 3 which were 418 MPa and 430 MPa, respectively. The
maximum stress of 525 MPa was found at the second welded stiffener of Specimen 5 near the
centre of the HAZ at a depth of 8.9 mm using the ND method. This value is significantly higher
than the yield strength of the parent plate material which indicates that hardening has occurred
in the area of the weld and the previously established yield strength is no longer valid in this
region. The maximum tensile stress obtained from the ND method at the first welded stiffener
reached was 424 MPa at the 8.9 mm depth near the centre of the first HAZ. This value is higher
than the yield as well but only minimally and close to within error of the yield strength with an
error of ±15 MPa. For this specimen the second welded stiffener was higher than the first
welded stiffener which is the opposite result from Specimen 3. The spacing of the stiffeners is
discussed in Chapter 5.
The XRD data shows the higher tensile peak at the first welded stiffener than the second welded
stiffener compared to the ND data which shows the opposite stress pattern. Both of these
testing methods are contrary to the trends found in Specimen 3. The XRD data shows that at a
depth of 0.25 mm the first welded stiffener tensile peak stress is 300 MPa and the second
welded stiffener peak is 260 MPa, which is a 16% increase. However, for the ND method at a
depth of 1.1 mm the peak tensile stress at the first welded is 390 MPa and for the second
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welded it was 430 MPa which is a decrease of 9%, at the 5.0 mm depth the change was ‐69 MPa
or ‐14.5% decrease, and at the 8.9 mm depth the change was ‐102 MPa or a ‐19.4% decrease.
Chapter 5 discusses the changes with the differing stiffener spacing distance across the
specimen so only the change through the depth will be considered here. In both Specimen 3 and
5 the values collected at the depths with the ND method were the opposite trend found at the
depth collected using the XRD method. The depth closest to the welded surface of the plate
showed the largest increase or decrease with lesser changes through the middle depths of the
plate and then a switch in sign and a larger change at the unwelded surface of the plate
collected with the XRD method. Regardless of which stiffener has the higher value in the
specimen at the welded surface of the plate the opposite stiffener has the highest stress value
at the unwelded surface of the plate indicating a large change of the stress distribution through
the thickness of the specimens.
Similar to the previous Specimen 2 and 3, the same decrease in residual stresses at the centre of
the HAZ also occurs in Specimen 5 at the 0.25 mm depth from the XRD data. The variation is
evident in both the first and second welded stiffeners and the stress values drop to almost 50
MPa from the maximum tensile stress values. The reasoning behind this difference between the
ND and XRD stress distributions was discussed in the previous sections though is not fully
understood at this time but is most likely a result of microstructural changes in the weld area
unaccounted for in the elastic constant calculations.
Figure 7.15 shows the transverse stress distribution for Specimen 5. The pattern is similar to that
which was found in the previous two specimens for this component of stress. Conversely, the
stresses in the HAZ for Specimen 5 are tensile compared to the compressive values found in
Specimen 3 and 5. The tensile transverse values are possibly caused by inconsistent
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deformations during the welding and cooling process or a result of the stiffener spacing as
discussed in Specimen 2 and 3.
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Figure 7.14: ND and XRD longitudinal stress results for Specimen 5
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Figure 7.15: ND and XRD transverse stress results for Specimen 5
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7.4
•

Summary of Phase IV
In Phase IV three specimens were tested using the XRD method to be compared with the ND
data previously collected on the same specimens during Phase I and Phase II.


The XRD data was collected near the unwelded surface of the plate in contrast to the
ND data collected through the depth of the plate.



Overall, the three specimens showed good agreement between the two measurement
methods and with previous research showing a longitudinal tensile peak near the HAZ
balanced by a compressive plateau away from the weld.

•

One area of discrepancy between the two methods was in the centre of the HAZ where in all
three specimens there was a drastic drop in the peak tensile stress values.


The discrepancy in the HAZ needs further investigation for a proper conclusion but it is
most likely due to microstructural changes unaccounted for during the stress
calculations and in the elastic constants used.

•

There was also a difference between the peak values of the first and second welded
stiffeners between the two testing methods.


For both specimens with two stiffeners the peak tensile stress value switched from
one stiffener to the other when comparing the welded surface to the unwelded
surface values through the depth of the specimen.
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Chapter 8 ‐ Finite Element Modeling Phase V
8.1

Outline

Physical testing methods can be very time consuming and expensive. Finite element modeling
allows results from physical testing to be developed into more conclusions and outcomes in a
shorter amount of time than additional physical testing. Once a basic understanding of a certain
parameter is achieved, a finite element model can be built to evaluate these results and the
testing parameter can be expanded to its limits.
There are various commercially available finite element (FE) programs that are capable of
modeling the welding process with the most popular being ABAQUS, ANSYS, Sysweld+, and
Marc. Sysweld and Marc are both widely used in the welding industry but the main focus for
these programs are the material properties and phase transformation changes that occur during
the welding process. Since the focus for this study was residual stress which is a broader scale
than the material and phase transformations, the structural program ANSYS was selected. A
literature review was conducted on previous studies of welding in which finite element code
was used and ABAQUS and ANSYS were the two most common structural engineering programs.
ABAQUS is fully capable of handling the parameters of the welding sequence that were required
for this study. However, it was decided based on the literature and also availability of outside
help with the complex coding for the welding process, ANSYS was chosen as the finite element
program for this study.

8.2

ANSYS Background

ANSYS is a multiphysics software used worldwide to provide engineering simulation to a wide
range of industries. ANSYS is often used to validate test data, troubleshoot issues, and improve
design concepts. Using finite element software cuts down in design time, decreases fabrication,
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production, and testing costs, and helps a design team to better understand the properties of
the product being manufactured. ANSYS was founded in 1970 originally for the nuclear industry
to solve structural issues using algorithms. ANSYS had the ability to use finite element analysis to
solve static, dynamic, and thermal physics problems. ANSYS now has many different capabilities
including multiphysics, fluid flow, structural, thermal, and electromagnetic. For this study ANSYS
multiphysics software was used since the study required a combination of thermal and
structural components of the finite element model (FEM).

8.3

ANSYS Basics

ANSYS has three basics steps to any FE model: Pre‐processing, processing/solving, post‐
processing. All of these steps can be completed using either the graphic user interface (GUI) or
the ANSYS Parametric Design Language (APDL) or a combination of both. In the pre‐processing
step the geometry is built and meshed or imported from a computer‐aided design program. As
well, the material properties and environmental properties are input to the program to be
applied to the model and the surroundings.

8.4

Current Study

The current study used a combination of APDL and the GUI methods of inputting the commands.
More than 95% of the code was written in APDL and input as a text file. The remainder was
input using the GUI mostly to add the physical restraints and for various viewing functions in the
post‐processor. The following sections outline the commands and functions used for the current
model. At the beginning of the coding a structural and thermal model was chosen with the type
of units set as MKS (metres – kilograms – seconds).
Two specimens were built to be analyzed using ANSYS to solve for the residual stresses.
Specimen 2 with one stiffener and Specimen 5 with two stiffeners spaced 400 mm apart.
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Welding simulation requires two steps in modeling and analysis: thermal and structural. The
thermal models for simulation of the welding process were completed for both specimens but
the structural model was completed only for Specimen 2. The run time for the thermal model
was approximately half a day and for the structural model it was roughly seven days long for the
one stiffener model. The personal computer used for the model had a 2 terabyte SSD hard drive,
32 GB of Ram, and a 3.4 GHz i7 processor 3770.

8.5

Pre‐Processor

The pre‐processor section is called in ANSYS by using the /PREP7 function.

8.5.1

Material Properties

In the pre‐processor the material properties were assigned for the plate, stiffener, and weld
material. Table 8.1 shows the commands that were used to specify the values for the material.
There were two different materials specified, one for the plate and stiffener and the second one
for the weld metal. All of the values were almost the same for both materials except for the
reference temperature for the weld material. The values for the each material property are
shown in the following Figures 8.1 to 8.8. The density was assumed to not have any significant
changes with temperature and hence it was set to a constant value of 7850 kg/m3. The
reference temperature for the steel was set to 1723°C which is assumed as the melting
temperature of the steel material. The material values were determined based on material tests
performed at the University of Windsor [1] and also from the material properties used in similar
studies [46][47] [48].
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Table 8.1: Pre‐processing material property commands
ANSYS APDL Command
MPTEMP

TB,MISO
TBTEMP,DEFI

Description
Temperature table for
the material properties
Thermal Conductivity
Specific Heat
Density
Metal reference
temperature
Film Coefficient
Elastic Modulus
Poisson’s Ratio
Coefficient of Thermal
Expansion
Multi‐linear isotropic
hardening

MPDATA,ENTH

Enthalpy

MPDATA,KXX
MPDATA,C
MPDATA,DENS
MP,REFT
MPDATA,HF
MPDATA,EX
MPDATA,PRXY
MPDATA,ALPX

Units and Comments
Most of the material properties are
temperature dependent
Units = W/m‐C
J/kg‐C
kg/m3
C
W/m2‐C
Pa
10‐6/C
Temperature dependent Stress‐
strain curve of the material (yield
strength = 405 MPa)
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Figure 8.1: Thermal Conductivity values [46]
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Figure 8.2: Specific heat values [46]
10
9

Film Coefficient (W/m^2‐C)

8
7
6
5
4
3
2
1
0
0

200

400

600

800
1,000
Temperature (C)

1,200

Figure 8.3: Film Coefficient values [46] [47]
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Figure 8.4: Elastic modulus values [46] [47]
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Figure 8.5: Poisson's ratio values [46]
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Figure 8.6: Coefficient of thermal expansion values [46]
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Figure 8.7: Multilinear isotropic hardening values [46] [47] [1]
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Figure 8.8: Enthalpy values [48] [47]
8.5.2

Elements and Geometry

The element that was used for the thermal model were SOLID70 which is an eight node element
with a single degree of freedom at each node and the element has conduction capabilities. The
two shapes that were used for the elements were prisms and cubes. The rectangular shapes
were used everywhere on the plate and stiffener and the triangular prisms were used for the
fillet weld modeling only. The models were all built using a combination of the “bottom up” and
“top down” approaches. The bottom up approach first creates the nodes and then from the
nodes the higher‐order items such as areas and volumes are built. The top down approach first
builds volumes and then the program automatically creates all the lower‐order items such as
lines and nodes. The welds were created using the bottom up method and the plates and
stiffeners used the top down approach. The weld element geometry is shown in Figure 8.9. All
of the elements in the weld were created with sequentially numbered nodes and elements.
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(a)

(b)

Figure 8.9 : Weld elements (a) one slice of weld elements (b) strip of weld elements
Specimen 2, with one welded stiffener, was created with 105 elements 5.715 mm long across
the 600 mm length of the specimen and five elements 1.905 mm deep through the depth of the
9.525 mm thick plate. The elements near the weld were 1.905 mm x 1.905 mm x 5.715 mm,
further away from the weld they were medium sized at 5.715 mm x 1.905 mm x 5.715 mm, and
the furthest away from the weld were the largest at 11.43 mm x 1.905 mm x 5.715 mm. The
elements in the stiffener were 1.905 mm x 1.905 mm x 5.715 mm near the weld, 1.905 mm x
5.715 mm x 5.715 mm on the stiffener leg, and 5.715 mm x 4.7625 mm x 5.715 mm on the
stiffener arm. For the plate and stiffener the sweep function was used to create the elements
and nodes. All of the nodes and elements are sequentially numbered in order to have full
control on the application of the thermal model logically in the following steps. There are a total
of 72610 nodes, 59535 elements, and 8 volumes in this model for Specimen 2 which is shown in
Figure 8.10.
Specimen 5 had two stiffeners spaced 400 mm apart. The sizing of the elements was the same
as the elements to build Specimen 2 with the smallest near the welds and the medium sized
elements away from the welds all the way to the edges of the plate and in between the two
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stiffeners. Again both the bottom up and top down methods of geometry building were used.
The sweep function (VSWEEP) was used to create the elements within the volumes for the top
down method. There are 164936 nodes, 135555 elements, and 21 volumes required to build
Specimen 5 shown in Figure 8.11.

Figure 8.10: Node and element geometry of Specimen 2
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Figure 8.11: Node and element geometry of Specimen 5
8.6

Processor

The processor section is called in ANSYS by using the /SOLU function also known as the solution
or solving section.

8.6.1

Thermal Analysis

The first part of the solution phase is the transient thermal analysis which determines the
temperatures and thermal properties with respect to time. The transient thermal properties
collected were then used as input to the structural analysis section for solution. The solution
method used was a full Newton Raphson (NROPT,FULL) with an optimized nonlinear solution
(SOLCONTROL,ON) and line search (LNSRCH,ON) and transient analysis (ANTYPE,TRANS).
Automatic time stepping (AUTOTS,ON) was used with stepping loading (KBC,1). Also the limits
were set for the number of iterations allowed before program is terminated using the NCNV
command and set to a maximum iterations of 1E10. The maximum allowable plastic strain
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within one step was set to 30% using CUTCONTROL,PLSLIMIT,0.3. These settings were all based
on research and determined to be similar to those used in previous studies [30][46].
All of the surfaces of the model that are in contact with air were applied with convection and
radiation coefficients using surface loads. The convection coefficient was set to the film
coefficient of 15 with a bulk temperature of 32 and the radiation coefficient is the surface
emissivity which was set to 0.9 with the same bulk temperature as shown in Figure 8.12. The
weld surface area was not applied with these coefficients because when welding is in process
the weld surface is not in contact with the air it is surrounded by the welding gas shield.

Figure 8.12: Convection and radiation surface load application on Specimen 5
The welding process was modeled using the “birth and death” algorithm of elements method.
During the welding process the weld bead is being deposited onto the plate from melting
welding wire. However, in ANSYS this would be very difficult to actually simulate instead the
geometry of the specimen is built during the pre‐processing stage as if the specimen were
already welded. The weld bead elements are then “killed” or deactivated (EKILL) and as the heat
source “welding torch” is incremented along the length of the specimen the weld bead elements
are “birthed” or reactivated (EALIVE) as the heat source moves forward. When the elements are
killed essentially they are still physically there but the stiffness is multiplied by a large reduction
factor (ESTIF) and nears zero and they do not contribute to or affect the model in any way.
187

When the elements are “alived” or reactivated they are returned to their normal characteristics
but at a zero strain state.
In order to best estimate the welding torch heat, three heat flux (q) values were chosen to be
applied to the weld bead surface with the highest values in the centre and the lowest heat flux
at the outside edges of the weld bead as shown in Figure 8.13. The centre elements were
applied with a high heat flux of 25x106 W/m2, the adjacent elements applied with a medium
heat flux of 15x106 W/m2, and the outside elements applied with a low heat flux of 5x106 W/m2.
The heat flux (q) was calculated based on the variable collected during the actual welding
process of the physical specimens and computed using the following equation:

Q is the power input from the heat source which is calculated by the current (I) times the
voltage (V) times a welding efficiency factor (η). For this study, the current average value was
185 Amperes and the voltage average value was 25.7 volts. The metal core arc welding used to
complete the welding process has an efficiency factor of 0.7, which is specific for each type of
welding. The factor r is the radius of the weld bead itself as shown in Figure 8.14. All of the
welds in this study were 10 mm x 10 mm with an r calculated as about 8 mm. The factor r is the
distance from the centre of the weld bead to the location where the heat source is being
applied. This is how three different heat source values were applied to the same weld bead as
listed above. In Figure 8.13, the grey elements without heat flux applied are currently
deactivated and remain that way until the heat flux on the first three rows of elements is
removed and moved forward to the next row of elements to simulate the movement of the
welding torch across the plate.
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These heat fluxes resulted in producing a semi elliptical moving heat source across the plate as
shown in Figure 8.15. The maximum temperatures collected during the welding process were
approximately 2000‐3000°C on the welded surface of the plate and 800‐1000°C on the bottom
surface of the plate.
The heat flux is applied at the nodes of the elements and the time for each step of weld was
2.54 seconds. The nonlinear transient thermal solution option with selective reform
(THOPT,QUASI) is used to solve with the incomplete Cholesky conjugate gradient iterative
equation solver (EQSLV,ICCG). The solution data for the nodal degrees of freedom was output at
every fifth substup (OUTRES,NSOL,5) and finally the SOLVE command was issued at every step
with the substeps for each step set to a minimum of 10 and a maximum of 50
(NSUBST,50,50,10). A *DO loop was used to complete the entire 104 step welding process
across the welding bead with three rows of elements having a heat flux applied at any given
time. The movement of the welding torch was simulated by deleting the first heat flux on the
first row of elements (SFDELE) and applying the heat flux to the fourth element row (SF). The
entire welding process takes 264.16 seconds for 104 steps at 2.54 seconds per step. This time
calculation is true for both Specimen 2 and Specimen 5 for each individual weld.

8.6.2

Cooling Loop

After the welding process is done, the specimen must be allowed to cool down to room
temperature. It was determined from observation that the plate required 110 minutes to cool
down to room temperature for Specimen 2. A cooling *DO loop was created to allow the plate
to cool and distribute the heat and stresses throughout the plate as it reduced to ambient
temperature. The cooling process was 6600 seconds long and the total time for the welding and
cooling loops was 6864.16 seconds for Specimen 2.
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For Specimen 5, the intermediate cooling loop (in between first and second weld) was
approximately 1500 seconds long or 25 minutes which brought the entire plate down to 44°C
instead of the ambient temperature of 32°C but saved on more than a day of processing time
and the plate would still be cool enough to touch. The final cooling loop for Specimen 5 was
approximately 3100 seconds long or 52 minutes and brought the plate down to the ambient
temperature. After Specimen 5, it was determined that the cooling time for Specimen 2 was
overestimated.

8.6.3

Switch from Thermal Model to Structural Model

Following the welding and cooling loops the pre‐processor was entered again in order to change
the element type from thermal to structural (ETCHG,TTS). The elements were changed from
SOLID70 to SOLID185, which is the corresponding structural element to the SOLID70 thermal
element. SOLID185 elements are eight node structural solid elements with three degrees of
freedom at each node. The size, number, and shapes of all the elements were not changed at all
between the thermal and the structural only the type of element. Non‐linear geometry was also
turned on (NLGEOM,ON) where the large‐deflections and rotational effects are included in
accordance with the type of element used. Enhanced strain formulation (KEYOPT,1,2,2) is the
element technology set for the integration method of the elements in the structural model.
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Figure 8.13: Heat flux application
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Figure 8.14: Weld bead schematic
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Figure 8.15: Semi‐elliptical heat source on Specimen 2 top surface

(a)

(b)

Figure 8.16: Heat source on Specimen 5 top surface (a) first weld (b) second weld
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8.6.4

Restraints and Surroundings

The restraints for the physical specimen were clamps along the longitudinal edges of the plate
and clamps holding down the entire plate on the welding table. Clamps were also used to hold
the stiffener in place for welding so that tack welds were not necessary but those clamps were
not restraining the specimen in any way and hence, it was not modeled.
In the solution process after the welding and cooling loops, restraints were added to the
specimen through the GUI. The GUI was used for this step because the restraints in ANSYS are
very sensitive so many different combinations of restraints were tested to confirm which best
emulated the physical restraints and it was easier to select the specific elements to place the
restraints on using the GUI. For Specimen 2 there were restraints in the Y‐direction (UY) on the
bottom of the plate spaced at intervals of roughly 5.7 mm which was to simulate the welding
table restraints. At the transverse edges of the plate the entire length was restrained in the X
(UX) and Z (UZ) directions to imitate the clamps used to hold the specimen to the welding table.
The restraints are shown in Figure 8.17 for Specimen 2. For Specimen 5, the restraints on the
bottom were in the Y direction (UY) across the entire base of the plate as shown in Figure 8.18.
Five elements on either transverse edge and five elements in between the two stiffeners were
restrained in the UX and UZ directions to simulate the clamps used during the welding process.
Other combinations of restraints were tried, however, they resulted in high levels of strain
concentration near the restraints or bending stresses in the parent plate. This fairly simple
restraint system was chosen as being the closest to the original physical restraint system as
possible in a FEM.
The ambient temperature and reference temperature of any thermal strain calculations
(TREF,32) and the default nodal temperature (TUNIF,32) were both set to 32°C.
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Figure 8.17: Restraints for Specimen 2

Figure 8.18: Restraints for Specimen 5
8.6.5

Structural Analysis

The structural analysis step is setup similar to the thermal analysis with the welding loop
followed by the cooling loop. The weld elements are once more deactivated at the beginning of
the structural analysis and reactivated as the weld torch moves forward (birth and death
algorithm). In the thermal analysis, the welding heat source was applied as a heat flux on the
nodes. However, in the structural analysis, the thermal loads was called from the thermal file
(.rth extension) created during the thermal analysis and these loads was be applied to the
elements as body force nodal loads.
Time‐step cutback was set using maximum equivalent plastic strain allowance within a step to
30% and when 30% is exceeded bisection or cutback is performed (CUTCONTROL,PLSLIMIT,0.3).
A static analysis was performed (ANTYPE,STATIC,NEW) and the maximum number of equilibrium
iterations for nonlinear analysis was set to 35 in each substep (NEQIT,35). The output (OUTRES),
optimization (SOLCONTROL), analysis type (NROPT), line search (LNSRCH), and large deflections
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(NLGEOM) all remained the same as the thermal analysis settings. The loading within a step was
changed from stepped to ramped loading or linearly interpolated loading which was determined
by trials in the welding structural process.

8.6.6

Loop Checking

In the structural loop that calls the thermal file loads to be applied to the specimen, the
magnitude of the thermal load on the elements is very high. Since the model deals with such
high temperature gradients between the weld bead and the plate and stiffener, many numerical
problems were encountered when running the structural model. The most common errors were
“error in element formulation” and “Equivalent plastic strain increment has exceeded the
specified limit value”. Often one singular element or one singular node was the source of the
numerical problem and inciting these errors. One node often increased in temperature too
rapidly and would “explode” out of the model causing these errors. In order to avoid these
errors, a code for checking loop was written and included within the structural load loop. In the
structural loop the load is called from the thermal file and applied to the newly “alived”
elements. All of the elements up to the position of the weld torch are now “alive” or activated.
These “alive” elements are then checked in a nested loop that takes all of the node
temperatures on one element and averages them and reapplies the average value to the entire
element and all associated nodes. This eliminated any one extremely high value at one singular
node. The average value applied to the nodes is then checked against the solidification value of
the metal which was set to 1723°C. If the element has a temperature higher than the
solidification temperature the element is killed therefore, eliminating an error from occurring in
that element with too liquid of an element. If the element is below the solidification
temperature, the element remains alive and the next element in sequence is checked. The
checked loop runs after every thermal load is placed and checks all of the elements up to the
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welding torch position after every load application. Often the elements are not reactivated until
they have cooled down to below the solidification temperature when the welding torch is
positioned up to ten elements further down the weld bead. The temperatures from the welding
process are so high that errant elements and nodes are a common problem associated with the
FEM for welding.

8.6.7

Cooling Loop

After the structural loop for the weld is completed the cooling loop was called from the thermal
file (.rth extension). The same checking loop is also present in the cooling loop because the end
elements of the weld bead may still be deactivated due to high temperature immediately at the
end of the welding process. The cooling loop and welding loop are the same length as the
original thermal loops at 6600 seconds and 264.16 seconds. However, the substep size limits
were changed to allow for more substeps within a step due to the nature of the high gradient
and large changes being applied to the model during the structural loop. The SOLVE function is
used once again after every step in the solution.

8.7

Post‐Processor

The post‐processor section is called in ANSYS by using the /POST1 function. Most of the post‐
processor functions were called using the GUI since the post‐processor is such a visual display of
results the GUI is best suited for this section.

8.7.1

Thermal Analysis

The thermal analysis output is the nodal temperatures as the welding torch moves across the
weld bead. The entire welding process and the cooling process can be viewed through the
Animate Over Time function. Figure 8.15 and Figure 8.16 are screenshots from the welding
video produced from Specimen 2 and Specimen 5, respectively during the welding process.
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Figure 8.19 shows the cooling process at approximately 520 seconds for Specimen 2 showing
the thermal profile dissipate throughout the specimen after the welding heat source is removed.
Figure 8.20 (a) shows the intermediate cooling process in between the first and second welds of
Specimen 5 at 435 seconds and Figure 8.20 (b) shows the final cooling process for Specimen 5 at
2786 seconds for the total 5037 second run.

Figure 8.19: Cooling process on Specimen 2

(a)

(b)

Figure 8.20: Cooling process on Specimen 5 (a) after first weld (b) after first and
second weld
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8.7.2

Stress Analysis

The stress analysis output was only completed for Specimen 2. The results for the longitudinal
stress were compared with the neutron diffraction (ND) results from Phase I [1]. In the weld
area of the results the values are very comparable with a maximum stress of 420 MPa for the
ND compared to 450 MPa for the FEM results. The values away from the stiffener are also in
very good agreement between the test and FE model. The major area of dissimilarity was found
in the width of the tensile peak. The FEM results show a much narrower peak than that which
was found using the ND. This may be a result of restraints in the weld area and also the steep
changes in geometry that occur in this area between the plate, weld, and stiffener are very
difficult to model.
Overall, the results of the FEM were in good agreement and it would be expected that the
results for Specimen 5 would be as well. However, the size and time of the model for Specimen
5 did not allow for excellent troubleshooting and the model never ran through its entirety. The
error in element formulation was the most common error causing Specimen 5 to not run
properly. The APDL code for Specimen 2 is shown in Appendix B.
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Figure 8.21: Specimen 2 longitudinal stress comparison
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Chapter 9 ‐ Conclusions
9.1

Summary

This dissertation focused on the residual stress distributions in various welded steel plate
structures. Three different types of testing methods were used to determine the residual strains
and stresses through the thickness of the welded plates. Most previous studies focus on the
distortions and the residual stresses of the welded specimens at the surface only. This study
examined the through thickness residual stresses in specimens that had terminated stiffeners,
four different stiffener spacings, two welding heat inputs, two parent plate thicknesses, and
various stop and start times in the welding process. The study also looked at two different types
of welds both fillet and weld bead on plate, all on mild structural steel with L‐shaped steel
stiffeners.
Specimen 4 was designed to examine the residual stresses when a stiffener is terminated before
the end of the plate. All three strain values were collected for this specimen and the stress
values were calculated and presented. The maximum stresses were found right near the
termination point of the stiffener. The stress levels decreased quickly as the distance from the
termination point increased. Specimen 4 was studied using the ND method only in Phase II.
Specimen 5 had two stiffeners spaced 400 mm apart to be included in the stiffener spacing
series of specimens. All the strain components were collected and the stress values presented in
Chapter 5. Specimen 7 also had two stiffeners spaced 325 mm apart and Specimen 3 from Phase
I [1] had two stiffeners spaced 250 mm apart. These three specimens were also compared with
Specimen 2 from Phase I [1] which had only one stiffener and therefore, assumed to have such
spacing between the stiffeners that there was no interaction. Due to limited beam time
available only the longitudinal strain component was collected for Specimen 7. All four
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specimens were compared and the results exhibited an expected tensile strain peak near the
stiffener connection and a compressive plateau away from the stiffeners and towards the edges
of the plate. The optimal spacing based on observations of these comparisons was 325 mm
between the stiffeners. Specimen 5 was studied using all three methods of investigation: ND,
XRD, and FE methods. Specimen 7 was examined using only the ND method during Phase III.
Specimen 3 was investigated using the ND method during Phase I [1] and the XRD method in
Phase IV. Specimen 2 was analyzed using the ND method during Phase I [1], the XRD method
during Phase IV, and the FE method during Phase V.
Specimen 5 was also compared to Specimen 6 which had the same geometry but the welding
heat input was changed in Specimen 5 from 2.5 kJ/mm to 1.75 kJ/mm in Specimen 6. The
decrease in welding heat input caused an increase in the residual stresses caused by the faster
cooling rate allowed when the welding heat source temperature is lower. Specimen 6 was
analyzed in Phase II using the ND method.
Specimen 8 was the only specimen tested with a thicker parent plate of 16 mm welded with one
stiffener. The residual stresses were compared with the other specimens all with the thinner
parent plate of 9.53 mm thickness. For the thinner specimens there was little change in the
residual stress levels through the thickness of the plate until within 2 mm of the unwelded
surface of the 9.53 mm thick plate. For Specimen 8, at 8 mm depth the stress values began
decreasing rapidly and were almost 10% of the maximum stress value near the unwelded
surface of the 16 mm thick plate. Specimen 8 was tested using the ND method.
Specimen 9 included four specimens and they were used to examine the effects of a
discontinuity in the welding process and how the duration of the stop before restarting changed
the residual stress distribution. Specimen 9A had a continuous weld across the plate and was
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the control specimen. Specimen 9B had a ten second stop with very little changes noticed
between this specimen and Specimen 9A. Specimen 9C had a 30 second stop and had the same
bending stress as Specimen 9B in the transverse and longitudinal directions for both the
transverse and longitudinal residual stress directions. For the transverse stress component,
there was a large decrease before the discontinuity followed by an increase immediately after.
This pattern of stress was also found in Specimen 9D which had a 60 second stop but had a
larger magnitude in this specimen with the longer stop. The bending stress in both directions
was also found in Specimen 9D. As well, in the cross‐section of the weld bead there were peaks
at the edges of the weld bead and a larger peak at the centre of the weld bead. This was found
in all three specimens with a stop and start but with the largest changes found in Specimen 9D.
These four specimens were only tested using the ND method.
The results from Phase IV and the XRD method were in good agreement with the results from
the ND method of testing. Since the XRD method is limited to the residual stresses near the
surface and the ND method can collect residual through the thickness, the two methods of
measurement are very complimentary. The major point of interest between the XRD and ND
results was in the area of the weld bead. For the ND method the tensile peak was fairly
consistent across the cross‐section of the weld bead. However, for the XRD method there was a
large decrease in the residual stress levels near the centre of the weld bead. The reason for
inconsistent data between the two methods is discussed in Chapter 7.
The results from Phase V the finite element modeling in ANSYS resulted in good agreement
between the FEM and the ND for the general trend of the residual stress data.
In general, the findings from all of these specimens through the three different testing methods
provide an in depth look at the residual stresses in many different scenarios.
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The Faulkner model was discussed in Chapter 2 and shown in Figure 2.1. This model is the basis
of ship building practice currently. However, that model is a primitive one and has serious
limitations and the current study was planned in such a way that the shortfalls of that model
would be alleviated. The Faulkner model addresses only the surface stresses and states that the
peak tensile stress value will be at the yield strength of the material and the width of the tensile
peak will be between 6 to 9 times the thickness of the parent plate. Comparing Specimen 5
(with 400 mm spacing) with the Faulkner model for the longitudinal component of stress is
shown in Figure 9.1. The general agreement is good between Faulkner and the collected data.
Since Faulkner’s model only examines a limited number of parameters in the welding process it
provides an incomplete picture of the residual stresses for all scenarios that were examined in
the present study. Faulkner’s model does not take into account residual stresses through the
depth of the plate with changing thickness, the spacing of the stiffeners, the termination of a
stiffener, the interruption possibility in the welding process, or the welding heat input which this
current study explored in great depth.
Overall, the number of parameters that were examined in this study greatly extends the
knowledge base for welded structures. In open literature, there are no studies which investigate
the number of specimens built for this study or the quantity of parameters now understood as a
result of the experimental testing achieved here.
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Figure 9.1: Faulkner's model compared with Specimen 5
9.2

Conclusions

The following conclusions are made based on the findings in this study.
•

The residual stress distribution in the parent plate past the termination point of a shortened
stiffener found that the maximum stresses were found at the termination point of the weld
and stiffener. Also, the stress values decreased rapidly as the distance from the termination
point increased.

•

Testing for the residual stress distributions in welded stiffened plates with varying spacing of
the stiffeners found that the 325 mm spacing between two stiffeners was ideal.

•

The effect of the welding heat input on the residual stress distributions concluded that a
decrease in the welding heat input caused an increase in the residual stresses.
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•

The through thickness residual stress distribution on two different parent plate thickness
found that a 9.53 mm plate did not show any significant stress changes until 2 mm from the
unwelded surface of the plate but the 16 mm thick plate stresses began decreasing rapidly
at mid‐depth and were only 10% of the maximum stresses near the unwelded surface of the
plate.

•

The changes in the residual stress distribution from an interruption in the welding process
caused a drop in the stresses before the interruption and a peak after the interruption
which increased in the magnitude of the range as the stoppage time increased. As well, in
the area of the weld bead there were stress peaks near the edges of the weld bead and a
larger peak at the centre of the weld bead which values also increased with an increase in
welding stop time.

•

Comparison of the X‐Ray diffraction method and the neutron diffraction method residual
stress results on three of the specimen concluded that in general the results were in good
agreement. The one area of concern was at the centre of the weld bead for the XRD results,
there were large drops in the residual stress levels which were not seen in the ND results.
The reasoning behind these drops was not fully understood.

•

A finite element model of the welding process was built and verified to compare with the
residual stress distributions found using the non‐destructive testing methods. The results for
the one stiffener specimen were in good agreement with the ND data. The thermal model
for the two stiffener specimen was a good match to the welding process but the structural
model did not run to completion.
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9.3

Recommendations

These are the recommendations for future studies.
•

Two heat inputs were investigated during the welding process, it is suggested that a third
heat input be examined to best understand the phenomena of residual stress changes with
changes in the heat.

•

A third parent plate thickness should also be studied in order to formulate some final
conclusions about the changes of stress in relation to the size of the weld bead and the
thickness of the plate.

•

Another method of residual stress measurement can be used such as hole‐drilling in order
to further verify the diffraction methods collected in this study.

•

Additionally, a full parametric study using ANSYS or other FE codes would be ideal. There are
many difficulties encountered with the very complex welding process when using finite
element modeling. The extremely high heat being applied to the welded specimen creates a
localized influx of strain that is challenging to manage in a solid model. Perhaps the inherent
strain method may be a better option for dealing with the element strain formulation errors
found in this study.
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Chapter 10 ‐ Appendices
Appendix A ‐ Strain Data
Specimen 4 – Line 1 Normal Strain Values

Table 10.1: Specimen 4 Normal strain values on Line 1
Strain values
t
‐110
‐85
‐65
‐50
‐38
‐30
‐25
‐20
‐16
‐13
‐11.5
‐10

1.1
‐193.0
‐125.1
‐234.7
‐118.3
‐348.1
‐543.8
‐663.9
‐847.9
‐745.3
‐759.8
‐824.7
‐801.4

d
4.8
‐8.7
‐185.2
‐184.2
‐61.1
‐392.7
‐416.9
‐569.0
‐820.8
‐784.0
‐952.4
‐995.0
‐830.5

8.4
68.0
‐182.3
‐209.5
‐219.2
‐384.9
‐599.1
‐642.6
‐905.0
‐896.3
‐745.3
‐1077.2
‐815.0

200.0
0.0
Normal microstrain

A.1

‐200.0
‐400.0
1.1

‐600.0

4.8

‐800.0

8.4

‐1000.0
‐1200.0

Distance from origin (mm)

Figure 10.1: Specimen 4 Normal strain values on Line 1
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Specimen 4 – Line 2 Normal Strain Values

Table 10.2: Specimen 4 Normal strain values on Line 2
Strain
values
t
-110
-85
-65
-50
-38
-30
-25
-20
-16
-13
-11.5
-10
-8.5
-7
-4
0
5
10
18
30
45

d
1.1
-306.4
-295.7
-447.0
-268.6
-417.9
-563.2
-671.7
-850.8
-912.8
-931.1
-970.8
-920.5
-986.3
-1016.3
-899.2
-829.5
-730.8
-540.0
-471.2
-478.0
-369.4

4.8
-193.9
-170.7
-280.2
-438.2
-440.2
-613.6
-962.1
-779.2
-1092.7
-822.7
-982.4
-978.6
-1017.3
-923.4
-864.4
-674.6
-560.3
-604.9
-283.1
-346.2
-426.6

8.4
-159.0
-213.3
-192.0
-294.8
-471.2
-651.4
-962.1
-840.2
-1084.0
-840.2
-691.1
-618.4
-675.6
-834.4
-1076.3
-485.7
-463.4
-436.3
-359.7
-289.9
-293.8

0.0
‐200.0
Normal microstrain

A.2

‐400.0
‐600.0

1.1
4.8

‐800.0

8.4

‐1000.0
‐1200.0

Distance from origin (mm)

Figure 10.2: Specimen 4 Normal strain values on Line 2
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Specimen 4 – Line 3 Normal Strain Values

Table 10.3: Specimen 4 Normal strain values on Line 3
Strain
values
t
-110
-85
-65
-50
-38
-30
-25
-20
-16
-13
-11.5
-10
-8.5
-7
-4
0
5
10
18
30
45

d
1.1

-440.2
-450.8
-434.4

4.8
-252.1
-110.5
-46.5
-298.7
-359.7
-410.1
-558.4
-640.7
-776.3
-702.7
-781.1
-694.0
-690.1
-694.9
-582.6
-556.4
-214.3
-283.1
-154.2
-99.9
-255.0

8.4
-80.5
-150.3
-252.1
-383.0
-448.9
-689.1
-775.3
-770.5
-825.6
-776.3
-822.7
-988.2
-815.0
-876.0
-964.0
-525.4
-342.3
-185.2
-238.5
-232.7
-188.1

0
‐200
Normal microstrain

A.3

‐400
1.1

‐600

4.8

‐800

8.4

‐1000
‐1200
‐110 ‐65 ‐38 ‐25 ‐16 ‐11.5 ‐8.5

‐4

5

18

45

Distance from the origin (mm)

Figure 10.3: Specimen 4 Normal strain values on Line 3
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Specimen 4 – Line 4 Normal Strain Values

Table 10.4: Specimen 4 Normal strain values on Line 4
Strain
values
t
-110
-85
-65
-50
-38
-30
-25
-20
-16
-13
-11.5
-10
-8.5
-7
-4
0
5
10
18
30
45

d
1.1

4.8
-187.2
-313.2
-225.0
-215.3
-161.9
-18.4
-103.7
21.4
-104.7
-100.8
-134.8
-164.8
-28.1
-15.5
-34.9
-177.5
-149.3
-374.3
-191.0
-129.9
-266.7

8.4
-175.5
-192.0
-211.4
-268.6
-101.8
-212.4
-348.1
-380.1
-503.2
-282.2
-469.2
-365.5
-477.0
-301.6
-257.9
-212.4
-134.8
-242.4
-199.8
-241.5
-102.8

100.0
0.0
Normal microstrain

A.4

‐100.0
‐200.0
4.8

‐300.0

8.4

‐400.0
‐500.0
‐600.0
‐110 ‐65 ‐38 ‐25 ‐16 ‐11.5 ‐8.5

‐4

5

18

45

Distance from the origin (mm)

Figure 10.4: Specimen 4 Normal strain values on Line 4
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Specimen 4 – Line 5 Normal Strain Values

Table 10.5: Specimen 4 Normal strain values on Line 5
Strain
values

d

t
-110
-85
-65
-50
-38
-30
-25
-20
-16
-13
-11.5
-10
-8.5
-7
-4
0
5
10
18
30
45

1.1

4.8
-89.2
-147.4
-116.4
-229.8
-221.1
-184.2
-146.4
-14.5
-210.4
-70.8
-259.9
-103.7
-312.2
17.5
59.3
-137.7
-94.0
-157.1
-287.0
-320.0
-265.7

8.4
-208.5
-141.6
-187.2
-136.7
-57.2
-183.3
-163.9
-90.2
-111.5
-129.9
-99.9
-168.7
-183.3
-109.6
-184.2
-34.9
-38.7
4.9
-277.3
-103.7
-276.4

100
50
Normal microstrain

A.5

0
‐50
‐100
‐150

4.8

‐200

8.4

‐250
‐300
‐350
‐110 ‐65

‐38

‐25

‐16 ‐11.5 ‐8.5

‐4

5

18

45

Distance from the origin (mm)

Figure 10.5: Specimen 4 Normal strain values on Line 5
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A.6

Specimen 4 – Line 1 Transverse Strain Values

Table 10.6: Specimen 4 Transverse strain values on Line 1
Strain values
t
10
11.5
13
16
20
25
30
38
50
65
85
110

1.1
‐445.3
‐315.4
‐436.3
‐315.4
‐253.5
‐102.5
46.5
152.5
541.9
449.8
365.7
417.7

d
4.8
‐317.4
‐314.4
‐334.4
‐365.4
‐248.5
‐196.5
‐134.5
60.5
190.5
341.6
307.6
325.6

8.4
‐189.5
‐180.5
‐176.5
‐151.5
‐187.5
‐111.5
0.5
237.5
294.6
422.7
156.5
205.5

Figure 10.6: Specimen 4 Transverse strain values on Line 1
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A.7

Specimen 4 – Line 2 Transverse Strain Values

Table 10.7: Specimen 4 Transverse strain values on Line 2
Strain
values
t
-90
-65
-45
-30
-18
-10
-5
0
4
7
8.5
10
11.5
13
16
20
25
30
38
50
65
85
10

d
1.1
387.7
533.9
330.6
436.7
589.0
676.1
673.1
670.1
572.9
408.7
265.6
73.5
100.5
78.5
113.5
-77.5
182.5
275.6
310.6
364.7
311.6
422.7
347.6

4.8
17.5
239.5
384.7
321.6
467.8
349.6
316.6
272.6
388.7
273.6
242.6
326.6
356.7
274.6
400.7
321.6
277.6
309.6
443.8
425.7
334.6
334.6
318.6

8.4
151.5
199.5
159.5
434.7
348.6
325.6
396.7
70.5
161.5
59.5
181.5
143.5
-83.5
-240.5
229.5
303.6
548.9
622.0
618.0
544.9
296.6
284.6
259.6

Figure 10.7: Specimen 4 Transverse strain values on Line 2
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Specimen 4 – Line 3 Transverse Strain Values

Table 10.8: Specimen 4 Transverse strain values on Line 3
Strain
values
t
‐90
‐65
‐45
‐30
‐18
‐10
‐5
0
4
7
8.5
10
11.5
13
16
20
25
30
38
50
65
85
10

d
1.1
519.9
459.8
423.7
225.5
173.5
23.5
‐5.5
‐114.5
‐112.5
‐235.5
‐123.5
‐415.3
‐415.3
‐512.2
‐614.1
‐591.1
‐494.2
‐368.4
‐100.5
58.5
209.5
165.5
225.5

4.8
263.6
185.5
276.6
104.5
‐5.5
‐1.5
‐202.5
‐274.5
‐215.5
‐289.4
‐368.4
‐401.3
‐455.3
‐241.5
‐292.4
‐310.4
22.5
‐68.5
41.5
18.5
100.5
74.5
72.5

8.4
114.5
114.5
3.5
107.5
‐81.5
‐137.5
‐318.4
‐517.2
‐261.5
‐282.5
‐30.5
‐273.5
‐294.4
‐50.5
‐20.5
189.5
‐50.5
201.5
156.5
241.6
51.5
65.5
212.5

Figure 10.8: Specimen 4 Transverse strain values on Line 3
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Specimen 4 – Line 4 Transverse Strain Values

Table 10.9: Specimen 4 Transverse strain values on Line 4
Strain
values
t
-90
-65
-45
-30
-18
-10
-5
0
4
7
8.5
10
11.5
13
16
20
25
30
38
50
65
85
10

d
1.1
213.5
270.6
239.5
33.5
-84.5
-220.5
-259.5
-538.2
-660.0
-969.3
-1154.8
-1429.8
-1479.6
-1424.8
-1344.1
-1167.7
-877.5
-534.2
-368.4
-196.5
99.5
274.6
206.5

4.8
-6.5
-72.5
-244.5
-608.1
-358.4
-754.8
-857.6
-972.3
-1112.9
-1233.5
-1319.2
-1343.1
-1382.0
-1208.6
-1315.2
-1033.1
-978.3
-942.4
-755.8
-315.4
-76.5
-118.5
316.6

8.4
-141.5
-278.5
-524.2
-425.3
-813.7
-914.4
-1058.1
-1075.0
-1134.8
-1097.9
-1040.1
-1100.9
-1186.7
-1014.2
-1234.5
-1024.2
-713.9
-939.4
-771.8
-621.1
-194.5
-57.5
-35.5

Figure 10.9: Specimen 4 Transverse strain values on Line 4
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Specimen 4 – Line 5 Transverse Strain Values

Table 10.10: Specimen 4 Transverse strain values on Line 5
Strain
values
t
-90
-65
-45
-30
-18
-10
-5
0
4
7
8.5
10
11.5
13
16
20
25
30
38
50
65
85
10

d
1.1
110.5
14.5
26.5
28.5
-67.5
-148.5
-144.5
-234.5
-233.5
-146.5
-280.5
-182.5
-270.5
-215.5
-184.5
-160.5
-214.5
-200.5
-202.5
-194.5
-102.5
131.5
128.5

4.8
-119.5
-133.5
-318.4
-533.2
-535.2
-533.2
-546.2
-570.1
-558.1
-661.0
-566.1
-562.1
-467.3
-531.2
-451.3
-559.1
-387.4
-542.2
-367.4
-424.3
-223.5
-105.5
45.5

8.4
-321.4
-437.3
-541.2
-704.9
-782.7
-711.9
-790.7
-734.8
-741.8
-721.9
-738.8
-790.7
-673.0
-704.9
-738.8
-618.1
-570.1
-568.1
-647.0
-538.2
-416.3
-179.5
-35.5

Figure 10.10: Specimen 4 Transverse strain values on Line 5

216

A.11

Specimen 4 – Line 6 Transverse Strain Values

Table 10.11: Specimen 4 Transverse strain values on Line 6
Strain
values
t
-30
-20
-15
-10
-5
0
5
10
15
20
25
30
35
40

d
1.1
-789.7
-1429.8
-1113.9
-1221.6
-805.7
-415.3
152.5
78.5
198.5
73.5
180.5
90.5
58.5
25.5

4.8
-1289.3
-1343.1
-777.8
-519.2
-597.1
-401.3
-51.5
268.6
137.5
326.6
275.6
401.7
119.5
203.5

8.4
-1361.1
-1100.9
-436.3
-315.4
-140.5
-273.5
-419.3
-300.4
42.5
143.5
286.6
281.6
293.6
241.6

Figure 10.11: Specimen 4 Transverse strain values on Line 6
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Specimen 4 – Line 7 Transverse Strain Values

Table 10.12: Specimen 4 Transverse strain values on Line 7
Strain
values
t
-30
-20
-15
-10
-5
0
5
10
15
20
25
30
35
40

d
1.1
-637.0
-534.2
-684.9
-557.2
-558.1
-368.4
-112.5
-108.5
69.5
275.6
498.8
498.8
665.1
474.8

4.8
-1010.2
-942.4
-577.1
-425.3
-271.5
-68.5
45.5
268.6
139.5
309.6
272.6
201.5
289.6
302.6

8.4
-1059.1
-939.4
-539.2
-243.5
115.5
201.5
254.6
494.8
694.2
622.0
445.8
569.9
358.7
335.6

Figure 10.12: Specimen 4 Transverse strain values on Line 7

218

A.13

Specimen 4 – Line 8 Transverse Strain Values

Table 10.13: Specimen 4 Transverse strain values on Line 8
Strain
values
t
-30
-20
-15
-10
-5
0
5
10
15
20
25
30
35
40

d
1.1
-365.4
-196.5
-58.5
-32.5
-16.5
58.5
132.5
506.8
387.7
364.7
390.7
541.9
627.0
616.0

4.8
-315.4
-402.3
-292.4
-35.5
18.5
165.5
367.7
537.9
425.7
560.9
514.9
496.8
574.9

8.4
-712.9
-621.1
-408.3
-222.5
115.5
241.6
357.7
457.8
386.7
544.9
593.0
603.0
619.0
784.4

Figure 10.13: Specimen 4 Transverse strain values on Line 8
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Appendix B ‐ FEM Code
B.1

Specimen 2 APDL Code

/COM,
/COM,Preferences for GUI filtering have been set to display:
/COM,STRUCTURAL
/COM,THERMAL
/UNITS,MKS
/CONFIG,NRES,10E6
/PREP7
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!MATERIAL PROPERTIES
!TEMP UNITS (CHANGE FROM KELVIN TO CELSIUS)
!TOFFST,273
!CREATE TEMPERATURE TABLE FOR MATERIAL PROPERTIES (DEGREES C)
MPTEMP,1,20,100,300,450,550,600
MPTEMP,7,720,800,1500
!THERMAL CONDUCTIVITY (W/m‐C)
MPDATA,KXX,1,1,51.9,51.1,46.1,41.05,37.5,35.6
MPDATA,KXX,1,7,30.64,26,29.45
…
!MULTILINEAR ISOTROPIC HARDENING
!YIELD STRESS OF TESTING MATERIAL (405MPa)
TB,MISO,1,9,2,
TBTEMP,20
TBPT,DEFI,0.002025,405E6
…
!ENTHALPY (J/m^3)
MPTEMP,1,0
…
MPDATA,ENTH,1,,7.8E‐31
…
!WELD METAL
MPTEMP,1,0
…
MPDATA,ENTH,2,,7.8E‐31
…
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!CREATE VOLUMES USING BLOCK AND KEYPOINTS AND VOLUME GENERATION
!ELEMENT TYPE
ET,ALL,SOLID70
!MATERIAL TYPE 2 FOR WELD METAL
MAT,2
!WELD BEAD GEOMETRY
…
220

!COPY NODE PATTERN ACROSS 105 TIMES
NGEN,106,1000,1,41,2,0,0,0.005715,1
!TRIANGULAR ELEMENTS ALONG TOP OF WELD BEAD
…
!COPY PATTERN OF ELEMENTS CREATED 105 TIMES TOTAL ACROSS NODES CREATED
!WELD LENGTH 0.600075M
ENGEN,1000,105,1000,1,15,1
!VARIABLES
LENGTH=0.600075
…
!ELEMENT TYPE
ET,ALL,SOLID70
!MATERIAL TYPE 1 FOR PLATE METAL
MAT,1
!PLATE GEOMETRY
…
!ANGLE GEOMETRY
!LEG OF ANGLE
BLOCK,STANGLE,(STANGLE+DEPTH),DEPTH,(HEIGHT1+DEPTH),0,LENGTH
!LARGER SPACING ON LEG OF ANGLE
VEXT,25,,,,HEIGHT2
!ARM OF ANGLE
BLOCK,0.150495,0.21336,(HEIGHT1+HEIGHT2),(HEIGHT1+HEIGHT2+DEPTH),0,LENGTH
!GLUE ALL VOLUMES TOGETHER
VSEL,ALL
VGLUE,ALL
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!MESH THE VOLUME
!ACCORDING TO DIVISIONS PER LENGTH OF THE PLATE
!DEPTH=9.525MM OF PARENT PLATE, ESZ=1.905MM
LSEL,S,,,1,3,2
…
LESIZE,ALL,,,(DEPTH/ESZ)
!LENGTH=600MM PARENT PLATE, ELSZ=5.715MM
…
! PARENT PLATE
…
!ANGLE
!DEPTH (5 DIVISIONS) LEG OF ANGLE
…
!LARGE SPACING AWAY FROM WELD IN ANGLE LEG
…
!MAKING THE WELD BEAD INTO VOLUME
…
KPLOT
V,107001,107011,107041,104001,104011,104041
VPLOT
EPLOT
221

!MERGE ALL ITEMS
NUMMRG,ALL
/AUTO
/VIEW,,‐10,10,10
/VUP,,,Y
/REPLOT
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!BEGINNING OF THERMAL ANALYSIS
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/SOLU
!USE FULL NEWTON RAPHSON SOLUTION METHOD
NROPT,FULL
!TRANSIENT ANALYSIS
ANTYPE,TRANS
!APPLY CONVECTION AND RADIATION TO AREAS EXPOSED TO AIR
…
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!VARAIBLES FOR THE HEAT FLUX
…
!SETS SURROUNDING ROOM TEMP TO 30 DEGREES
TUNIF,32
!SETS PLATE INITIAL TEMP TO 30 DEGREES
TREF,32
…
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! LOOP FOR PROGRESSION OF WELD HEAT SOURCE ACROSS THE PLATE
!SET VARIABLES START VALUES OUTSIDE OF THE LOOP
!SET VARIABLES FOR NODES AT TAIL END OF WELD HEAT SOURCE
...
!SET VARIABLES
…
!START OF LOOP FOR WELD
!*DO, Par, IVAL, FVAL, INC
*DO,WL,1,103,1
…
…
!SELECT THE NODES IN THE NEXT ROW OF ELEMENTS
!APPLY HEAT FLUX TO THESE SELECTED NODES
…
SF,ALL,HFLUX,HFHIGH,
…
!SOLUTION SETTINGS
…
/STATUS,SOLU
SOLVE
…
*ENDDO
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
222

/SOLU
!DELETE HEAT FLUX IN ALL ELEMENTS BEFORE FINAL COOLING LOOP
ASEL,ALL
NSEL,ALL
SFDELE,ALL,HFLUX,
!SAVE AFTER WELDING LOOP
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!COOLING LOOP
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/SOLU
…
*DO,i,TV,(TV+6500),100
…
!SOLUTION SETTINGS
…
SOLVE
*ENDDO
!SAVE AFTER WELDING AND COOLING LOOPS
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!CHANGE FROM THERMAL TO STRUTURAL
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!PREPROCESSOR MENU
/PREP7
ASEL,ALL
NSEL,ALL
!CHANGE ELEMENT TYPE THERMAL TO STRUCTURAL (SOLID185)
ETCHG,TTS
!ENHANCED STRAIN FORMULATION
…
!NONLINEAR GEOMETRY
…
!SELECT SUBSET OF NODES TO PLACE RESTRAINTS ON
!USE GUI TO PLACE RESTRAINTS
ASEL,ALL
NSEL,ALL
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!STRUCTURAL ANALYSIS
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!APPLY LOAD FROM THERMAL ANALYSIS
!READS RESULTS FROM THE RESULTS FILE (.RTH) AND APPLIES THEM AS LOADS
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/SOLU
NROPT,FULL
ALLSEL
!SOLUTION CONTROLS
…
!APPLY TEMPERATURE TO ALL NODES
TUNIF,32
223

TREF,32
!SELECT ONLY THE ELEMENTS ON WELD BEAD AND PLOT THEM ONLY
CMSEL,S,WELDELEM,ELEM
EPLOT
!KILLS ALL THE ELEMENTS SHOWN ON THE SCREEN (TOP EDGE OF WELD BEAD)
EKILL,ALL
…
…
!103 STEPS IN THE DO LOOP FOR WELDING
*DO,…
/SOLU
!STEP AND SUBSTEP CONTROLS
…
ALLSEL
!READ IN THERMAL RESULTS FILE AND APPLY AS BODY FORCE NODAL LOADS
!INSTEAD OF READING IN BY STEP NUMBERS, READ IN BY UP TO A CERTAIN TIME
LDREAD….
!ALIVE ELEMENTS UP TO THE WELD TORCH
…
!THIS DO LOOP MOVES DOWN TO NEXT SLICE & REPEATS THE INTERNAL CHECK LOOP
*DO,ECOL,1,STEPW,1000
!THIS DO LOOP CHECKS THE ENTIRE SLICE & AVGS TEMPS ON EACH ELEMENT
*DO,EROW,ROWSTART,ROWEND,1
…
!IF AVG VALUE IS HIGHER THAN LIQUID VALUE THEN KILL ELEM ROW
…
*ENDDO
…
…
*ENDDO
…
!SOLUTION SETTINGS
…
SOLVE
*ENDDO
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!COOLING LOOP!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!COOLING LOOP FROM 264.16 SECONDS TO 6864 SECONDS
*DO,COOLTIME,(WELDTIME+100),6864.16,100
/SOLU
…
!SUBSTEP NUMBER CHANGES BASED ON CALCULATIONS COMPARED TO THERMAL
…
!READ IN THERMAL RESULTS FILE AND APPLY AS BODY FORCE NODAL LOADS
…
LDREAD,TEMP,,,COOLTIME,0,nov23‐wc,RTH,
…
224

…
!THIS DO LOOP MOVES DOWN TO THE NEXT SLICE (ROW) & REPEATS CHECK LOOP
*DO,ECOL,1,104001,1000
!THIS DO LOOP CHECKS ENTIRE SLICE & AVGS THE TEMPS ON EACH ELEMENT
*DO,EROW,ROWSTART,ROWEND,1
!GETS THE TEMP ON THE SELECTED NODES AND SAVES IN TN#
…
!IF THE AVG VALUE IS HIGHER THAN LIQUID VALUE‐KILL ELEMENT ROW
…
*ENDDO
…
…
*ENDDO
!SOLUTION SETTINGS
…
SOLVE
*ENDDO
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